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1? 1?
??
1.1 ????
1.1.1 ?????
?????? 1 ??????? 4 ???????????????????????
????. ???????? σ ?????. ???????????????,?????
??? (Td ??)??????. ?????????,????????????????
????????????,???????????????????????????.
?????????,????? (? II)????? CH4 ?????????????,?
??????????????.1 ???????????????????????,?
?????????????????????. ??, CH4 ??????? 1/2??? 4
?????????????, ???????? I = 0, 1, ??? 2???, ????, ?
?, ???, ??????????. ??????????? (??????) ?????,
2 ??????????????????, 3 ???????????????????
??. ?????????????????????, ???????????????
???????.2 ????????????,???????????????????
???????. ?????,?????????,?????????????? II??
CH4 ??????????????.
1.1.2 ?? CH4 ????????
?????????????????????,?????????????????
??. ???,?????????????.
1 ?? CH4 ?????????, 3.1??????.
2 ?????????????????, 2.2.2??????.
2 ? 1? ??
1929?, Clusius [1]????????????,???????? CH4 ? 20.4 K??
???????????????????.3 Schallmach [2]? X????????, 20.4
K?????? CH4 ?????????,????????? (fcc: face-centered cubic)
????????????. 1959?, James? Kennean [3]?,????????????
?? CD4 ? 3????????????? (JK???)?????. JK???????
????????????, ???????????????????????. ???
???? 20???, Yamamoto? [4]?, ?? JK???????, ?? CH4 ?????
???.4 ??????? (Extended) JK??? (EJK???)??, 20.4 K???????
? I ,????? II???. ?????????,? II??? 1/4? CH4 ???,????
?????????????????????????, ?????????. EJK??
??,?????? [5,6]???????? [7,8]?,???????????????. ?
??, EJK???????????????? [9]. ??,?????????,? II???
??????????????????????????, EJK???????????
???????????????? [10]. ?????, ? II?????????????
??? EJK????????????.
1.1.3 ??????????? CH4, CD4 ????????
???????????????? CH4 ???,?????? fcc???????,?
??????????????????,??????. ????????????,??
???????????????????????. ????, ???????????
?????.
1930??Pauling? [11]???????????????????????,????
??????????????????,??????????. King? Hornig [12]?,
????????????????????????????????????????
???. ????????, ??????? CH4 ??????????. Yasuda [13] ?,
2????????????? (???,?? CH4 ??? H????? CH4 ??? C?
??????????) ?????????????????????, ???????
???. Yasuda???????????, Nishiyama? [14]?, ???????????
CH4 ?????????????, ν3 ??? ν4 ??????????????????
??. ??, Smith [15]?,?????????????????,??????????.
?????, ??????? [16]???????? [10]???, ??????? CH4 ?
????????????????????. ?????, ?????????????
3 CH4 ??????? CD4 ?, 22.2 K? 27.1 K???????????????????.
4 ?? CH4 ?????????, 3.1??????.
1.1 ???? 3
??,???????????.
Cabana? [6]?, Ar, Kr, Xe???????? CH4, CD4 ?????????????
????. ???????????, ????????? CH4, CD4 ?????????
??????????,???? Nishiyama????????????????????
? [14]. ??, Jones? [17,18]??????????,??????????? CH4, CD4
???????????, ν4 ???????????????????????. ???,
????????,??????????? 2???????????????????
???. ?????, ????????????????????????? CH4, CD4
??????????????,??????????????????????.
1.1.4 ????????????
????????????? (??)??????,??????????. ?????
???????, 2???????????,???????????????. ????
??,????????????,?????????????????????. ???
?,???????????????????,????????????,??????
???????????????, ????????. ???????????????
??????????????. ????????, ????????????????
??????? [19]. ???????????????????,??,????????
???????????????????????????? [20]. ??, ??????
?,??????????????????????? [21]. ???,?????????
??????, ?????????????????????????. ???????
??????????,??????????. ???????????????,???
??????????????????????????,??,???????????
??????????????????? [22–27].
1.1.5 ?????????????
???????????????,???????????????????????,
??????????????????????????????. ???, ?????
?????????????????????,?????????????. ??,??
?,????????????????????. ?????,????????????
????????????,???????????. ????,???????????
?????????? [28]. ?????,?????????????????????,
????????????.
4 ? 1? ??
??????????????, H2O, NH3, CH4 ?????????????????
??? [21–27]. ?????, 4???????? CH4 ???, 3???????????
??????????,? 50????????? (???????????? CH4)??
????????????????. ???????,??????? [26, 29–32],???
???? [21,27],????? [33,34],?????? [17,35–37],??????. ??,??
??????????????? [38, 39]. ???,??????????????.
?????????????? H2 ???????? CH4, CD4 ????????,?
????????, ?????????? [17, 18, 35–37]. ??, ???????????
????????????????????.5 ???, Xe ?????????, ???
????????????????. ??, ?? CH4 ??, ? II ??????????
???????????. 7 K ?? II ????? CH4 (I = 1) ??? CH4 (I = 2) ??
???????????, ???????????????? [26, 27]. ??, ?? CH4
(I = 0) ???? CH4 ??????????????????, ??????????
??? [35, 36]. ??,?????,??????????? [38, 39]. ?????????
?????????????????????, 4 K ????????????, ???
CH4 ???? CH4 ????????? 1.4×104 ?????????, ?? CH4 ???
?? CH4 ????? 4.0×10−3 ???? [39]. ???????????,???????
?????????????????????????,?????? 3???????
?????????????? [29, 31]. ???, ?? CH4 ?????????????
??????????????????,?????????????????????.
1.2 ????
CH4 ??? 3 ???????????????????, ????????????
CH4 ??? CH4 ????????????. ???, ?????, ??, ???????
???????? CH4 ?????????????. ????????, I = 0????
????????????????????. ?????????????????, ?
???????????????????????????. ??,?????,????
???????????????????,???????????,?????????
????????. ?????,???????? Xe????????? CH4 ????
???????????????,?????????????????????.
5 ?????????????????????????, 7.6????????.
5? 2?
????????????
2.1 ?????
2.1.1 ??
CH4 ??? 1 ??????? 4 ????????????, ??????????
5× 3 = 15???. ???,??????? x, y, z ????????? 3???,????
??? CH4 ?? (?????)???, 3??????????? 3???. ??????
????????????? 15− (3 + 3) = 9??????????. 9?? CH4 ???
??????????????? (??????????)??, ν1 ???????, ν2 ?
?????, ν3 ????????, ν4 ???????????? 4????????. ?
????, Gaussian 09???? CH4 ????????????. ??????????
?????? RB3LYP??????? CH4 ????????????????????
??????? 2.1???. ??????????, ν1 ?????: 3028 cm−1, ν2: 1559
cm−1, ν3: 3131 cm−1, ν4: 1341 cm−1 ???. ??,????????, ν1: 2914.2 cm−1,
ν2: 1526 cm−1, ν3: 3020.3 cm−1, ν4: 1306.2 cm−1 ??? [40]. ???????????
?, 30–100 cm−1 ???????. ??????????,??????????????
??.1
1 ????????????????? 3???????????????????.
6 ? 2? ????????????
??????????????????????????????????,????
????????????????.2 ?????, ????????????????
?????????????????????. ??????????, ν1 ??? ν2 ??
????????????, ν3 ??? ν4 ???????????????????. ?
?, Gaussian 09 ?????, ν1 ??? ν2 ??????????????? 0 ???. ?
????,???????? ν3 ???? ν4 ???????????????.
? 2.1: ???????????????? RB3LYP??????? CH4 ??????????
?????????????. ?????? RB3LYP/6-311++G(3df,3pd) ???. ???????
????????????.
2 ?????????????,?????????????????.
2.1 ????? 7
2.1.2 ??
CH4 ?????????? 3???, J (????????????), K (??????
????? z ??????????),M (??????????? z ?????????
?)? 3????????????????. ??, CH4 ??? 3??????????
?????? (????????) ??????????, ?????????????.
?????????
In =
∑
i
mir
2
n,i (2.1)
??????. mi ? rn,i ?????, i ???????????? n(= a, b, c) ????
????.
???????????????????????????????.
Erot/hc = BJ(J + 1) (2.2)
???,
B =
!
4πcI
(2.3)
?????????????????????.3 ! = h/2π, h???????, c????
??. ??,?????????????? CH4 ??? CD4 ??????? B ????
?, 5.24 cm−1 ??? 2.59 cm−1 ??? [41, 42]. ???????,????? J ????
K ?M ??????????,?????? (2J + 1)2 ???. ??,????????
?????????,???M ???????. ??????? CH4 ????????
???????, 3.2?????.
3 ??? cm−1(Wavenumber)????.
8 ? 2? ????????????
2.2 ???????
2.2.1 ???????
???? Ip = 1/2 ????????? 4 ??? CH4 ????????? I = 0, 1, 2
???,????,?? CH4,??? CH4,?? CH4 ?????. ???????????
? Td ?????????????????????. ????????????.
CH4 ???????????? Td ??????. Td ???????????????
????,?????????? E, 8C3, 3C2, 6S4, 6σd ???. ???,???????
???????????????? [43]. E ?????, C3 ?????? 120◦ ????
?, C2 ?????? 180◦ ????????. S4 ?????? 90◦ ??,???,????
?????????? (????)???. σd ?????????????,??????
?? (?????????)???? 2?? 2??????? 2????. Td ?????
??? 2.1???.4 ? 2.1?? A1, A2 ????, E ????, F1, F2 ?????????
???. ??????,???????????????????,??????????
?????????,???,???????????????????????.
? 2.1: Td ?????? [44].
E 8C3 3C2 6S4 6σd ??
A1 1 1 1 1 1 x2 + y2 + z2
A2 1 1 1 −1 −1
E 2 −1 2 0 0 (x2 − y2, 2z2 − x2 − y2)
F1 3 0 −1 1 −1 (Rx, Ry, Rz)
F2 3 0 −1 −1 1 (x, y, z) (xy, xz, yz)
???????????????????????????, CH4 ?????????
??? 24 = 16????. ?? 16?????????????????,???????
???????????????????. ???,???????? 16???????
????? (2.7)–? (2.11)?????? (????????). ????????????
???????,???????????????? 16???????????? 2.2?
????. ????????,?????? Γ ?????? (????????????)
4 ????, ??????????????????????. ?????, C3 ????, C32(?????
240◦ ?????)?????.
2.2 ??????? 9
?????? [43].
ai =
1
h
∑
?
n(Rˆ)χ(Rˆ)χi(Rˆ) (2.4)
ai ?????????????? i????? (i=A1, A2, E, F1, F2). ??, h?????
(??????), Rˆ????????, n(Rˆ)????? Rˆ??????, χ(Rˆ)?????
????????, χi(Rˆ)? Rˆ? i?????????????. ?????,
aF2 =
1
24
{1 · 16 · 3 + 8 · 4 · 0 + 3 · 4 · (−1) + 6 · 2 · (−1) + 6 · 8 · 1} = 3 (2.5)
???. 16????????
Γ = 5A1 + E + 3F2 (2.6)
???????. ????, A1 ? 1??, E ? 2??, F2 ? 3???????, Γ ? 16?
?????????????.
? 2.2: ?????? 16??????????.
E 8C3 3C2 6S4 6σd
Γ 16 4 4 2 8
4???????????? Ip = 1/2??????, I = 0? 2?, I = 1? 9?, I = 2
? 5???????. ????? (2.6)?????????, Td ?????? I = 0??
??? E, I = 1? F2, I = 2? A1 ?????. ??,???? Id = 1????????
?? 4??? CD4 ????????? I = 0, 1, 2, 3, 4???. Td ?????? I = 0?
???? A1 ? E, I = 1? F1 ? F2, I = 2? A1 ? E ? F2, I = 3? F2, I = 4? A1
???? (???????????).
10 ? 2? ????????????
E =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(2.7)
C3 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(2.8)
C2 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(2.9)
2.2 ??????? 11
S4 =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(2.10)
σd =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(2.11)
12 ? 2? ????????????
2.2.2 ??????????????????
??????????????, ?????????? 2 ???????????, ?
????????????????????????. ???, ???????????
?, CH4 ????????????????????. ???,???????,????
???????????????????. ???,?????????,??,??,??,
???????????????. ????????????????????. ??,?
???????????????,????????????????????????
?. ???,??????????????????????????????????.
??????,?????????,????????????????????????
??????. ?????????????????????, ???????????
????????.
? 2.1??, CH4 ???????????? C2 ? C3 ?????????. ?????
??????,???????????????. ???,??????????????
????? A1(??????)????????. ???????,? 2.3???????
????????????. ???,?????????? J = 0?? A1, J = 1?? F1,
J = 2?? E ? F2, J = 3?? A2 ? F1 ? F2 ??? [36]. ? 2.3??, Td ?????
??????????, ????????????????????????. J = 0 ?
I = 2 (A1), J = 1? I = 1 (F2), J = 2? I = 0 (E), 1 (F2), J = 3? I = 1, 2????
? [36].
? 2.3: Td ??????.
A1 A2 E F1 F2
A1 A1
A2 A2 A1
E E E A1 +A2 + E
F1 F1 F2 F1 + F2 A1 + E + F1 + F2
F2 F2 F1 F1 + F2 A2 + E + F1 + F2 A1 + E + F1 + F2
CD4 ?????, ???? (?????) ???????, ????????????
???????. CH4 ????????????????, ????????????
?????????????. J = 0 ? I = 0 (A1, E), 2 (A1, E, F2), 4 (A1), J = 1 ?
I = 1 (F1, F2), 2, 3 (F2), J = 2? I = 0, 1, 2, 3????? [36].
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2.3 ????????
?????????????????????,?????????????????.
?????????????????????????. ????????????, ?
(2.2)????????????????? (????????)????????,???
?. CH4 ?? (???????)???,??????? ν3 ??? ν4 ?????????
???????????? [45].5 ??????? Li ????????????????
? R?,????? J?? Li ?????????. ??? i(=1,2,3,4)??? ν1, ν2, ν3,
ν4 ??????????. ????????????????????????????
????
Hvr/hc = Hv(harm.)/hc+B(J− ζiLi)2
= Hv(harm.)/hc+B(J
2 + ζ2i L
2
i − 2ζiLiJ) (2.12)
??????. Hv(harm.)/hc??????????????, ζi ???????????
?.6 ???, Li ? J????,
−2LiJ = R2 − J2 − L2i (2.13)
???. ?????,?????????????????????????
Evr/hc = ν˜i+B{J(J +1)+ ζ2i li(li+1)+ ζi[R(R+1)− J(J +1)− li(li+1)]} (2.14)
??????. ν˜i ????????????????????? (????), li ????
???????, R??????????????. ????????? (vi = 1)??, li
? 1?????, R? J − 1, J , J + 1? 3??????. ??????????? (2.14)
??????, vi = 1???????????????,??? 3??????.
F (−)[vi=1](J,R = J − 1)/hc = ν¯0i +B1J(J + 1)− 2B1ζiJ,
F (0)[vi=1](J,R = J)/hc = ν¯
0
i +B1J(J + 1), (2.15)
F (+)[vi=1](J,R = J + 1)/hc = ν¯
0
i +B1J(J + 1) + 2B1ζi(J + 1).
ν¯0i = ν˜
0
i + 2B1ζi(ζi − 1), ν˜0i ???????????????, B1 ??????????
????????. ??, ν3 ??? ν4 ??????????????,????????
5 ???????????, Td ???????????????????????????????. ??
???????????? (?????????? F1)????????????,?????????
??.
6 ζ2 = 0???, ν2 ????????????????????.
14 ? 2? ????????????
???????????? 3?????????? (??????). ?????????
??????????????????????????? 2.2 ???. ???, ???
O,R,Q, P, S ?, ???? ∆v = +1 ???????????? ∆J ??????, ??
??, ∆J = +2,+1, 0,−1,−2?????. ? 2.2??,???????????????
??????????????????. ???, ???????? ∆J = 0,±1 ???
∆R = 0?????.
? 2.2: ?????????????????????????????????? [40].
????, ν3 ??? ν4 ????? (???) ?????????????, ?????
????????????????????????. ???,????????????
??????????????????????????. ?????????????
????????
∑
i ζiLi ????,????????????????????
H′vr/hc = Hv(harm.)/hc+B(J−
∑
i
ζiLi)
2 (2.16)
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??????. ???,????????????????,
H′vr/hc = ν˜i+B
(∑
i
ζ2i L
2
i + 2
∑
i<i′
ζiζ
′
iLiL
′
i
)
+BJ(J+1)−2B
(∑
i
ζiLi
)
J (2.17)
???. ?????,????????????????????
E′vr/hc = ν˜
′
i +BJ(J + 1) +B
∑
i
ζi[R(R+ 1)− J(J + 1)− li(li + 1)] (2.18)
??????. ν˜′i ??????????????????.
??,??? ν3 ??? ν4 ??????????? (???, ν3+ν4 ?????)???
???????. ν3+ν4 ???????????????? l = 0, 1, 2????????
???. l = 0???????, l = 1????, l = 2??????????. l = 0?? R
? J , l = 1?? R? J − 1, J , J + 1, l = 2?? R? J − 2, J − 1, J , J + 1, J + 2??
???,????? 9??????????.??,???????? ∆J = 0,±1???
∆R = 0,±1,±2,±3??? [45]. ?????,???????????????????,
?????????????????????????????. ??, ν3 ???? ν4 ?
???????????????? (???, ν2+ν4, ν1+ν4, ν2+ν3 ?????)???,?
????????????, ν3 ??? ν4 ?????????????, 3???????
???. ???, ν1 ??? ν2 ????????????????????,??????
?????????????????? [46]. ν3 ???? ν4 ???????????,?
??????????? (2.14)??????.
16
? 3?
????????????
3.1 ?? CH4 ???
???????, ?? CH4 ? 20.4 K ??? 2 ?????????, ????? I , ?
???? II?????. ?????? fcc ???????????????, ?????
CH4 ?????????. ???, EJK???????? I?? II??????????
???. EJK???????? II?????????? 3.1??? [47].1
? I ?? CH4 ???????????????, ????????????? [48].
? II?? 2????????? CH4 ??????,????????. ????? 3/4?
CH4 ???, ?????????????????,2 ???????????????
(? 3.1 ?? 3–8 ??????????????).3 ????????????? D2d ?
??????.4 ??, ????? 1/4 ? CH4 ???, ????????, ???????
??????????????????? (? 3.1?? 1–2?????????????
?).2 ????????????? O??????? [4].5 ?????,?? (Libration)?
?????? L?,??????? (Rotation)??????? R????. EJK????,
???????????????,???????????????? [5, 7, 8, 27].
1 ??????????????????????,? II???????.
2 ????????????????.
3 ????,??????????????????.
4 D2d ?????? {E, 2S4, C2, 2C′2, 2σd}???.
5 O ?????? {E, 8C3, 3C2, 6C′2, 6C4}???.
3.1 ?? CH4 ??? 17
? 3.1: EJK???????? II???????? [47].
EJK?????,??????????????,??????????????,??
???????? [49].
V = Vc(ω) +
12∑
i=1
Vi(ω,ωi) (3.1)
Vc(ω)???????????????????, Vi(ω,ωi)?????????????
??????????, ω?????????????. Yasuda??? (3.1)??????
??,?????????????? [49]. CH4 ??????????????????
???????????????,????????????????????????
??.6 O?????, 3? 4?????????????,??????????????
??. ???, 5? 6????, 7? 8?????????????????, ?????,
O ???????????? 0???. ?????, EJK??????????????
???????????,????????.
6 EJK???????????,??????,???????????????????????????
????????????????,??? 0???,????????????????,??????
?????????? [50].
18 ? 3? ????????????
3.2 R?, L?????????
Yamamoto ??, ???????? II??????????, R ??????? L ??
???????????????????? [4]. ??????????????????
??????,? 3.1?? 3.2?????. ? 3.2???? n?, L??????????
?. ????, ???????????????????????. ??, R??????
??????????? 3.2???.
R???? L????????????,????????????????????
???????????????? [4]. ? II?? R??????????,??????
????? J ????????????. ? 3.2??????, O ??????????
? J = 2??? J = 3?????????????. ??, 30.8 K? J = 2?????
61.3 K? J = 3??????????????????. ??, L??????????
???????,??????????,???????????????. ??????
?????????? 4???????????????,?????????????
? (n = 0)?????. ???????? 70 K ??????????????????
? (n = 1)?????. ??????????, 10 K??????? n = 1??????
??????? n = 0??????????????????????.
? 3.1: R?????????? d [4].
E (K) d Label
J = 0, I = 2 0 5 a
J = 1, I = 1 12.7 9 b
J = 2, I = 0 30.8 6 c
J = 2, I = 1 30.8 6 d
J = 2, I = 1 42.0 9 e
J = 3, I = 1 61.3 3 f
J = 3, I = 2 61.3 15 g
J = 2, I = 0 67.0 4 h
J = 3, I = 1 83.9 18 i
? 3.2: L ???????????????
d [4].
E (K) d
n = 0, I = 2 0 5
n = 0, I = 1 1.9 3
n = 0, I = 1 1.9 6
n = 0, I = 0 2.8 2
n = 1, I = 1 70.3 3
n = 1, I = 0 71.5 4
n = 1, I = 1 72.0 3
n = 1, I = 1 74.1 6
n = 1, I = 1 75.9 3
n = 1, I = 1 78.7 3
n = 1, I = 2 79.9 10
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? 3.2: ? II?????????? CH4 ?? (R?)?????????. ???????????
??????,?????????????????????. ????????? K(Kelvin).
20 ? 3? ????????????
3.3 ??????? CH4 ????????????
Nishiyama??,??????? CH4 ?????????????????? [14]. ?
???????? Ar, Kr, Xe???????????? 3.3?????.7 ????,??
?????????????????????.
Ar, Kr, Xe ???? fcc ?????. ??, ?? Ar, Kr, Xe ? 1 ??????????
?????, 1.85 Å, 2.00 Å, 2.20 Å??? [6], CH4 ???????????? (vdW: van
der Waals)?? 2.08 Å [51]?????????. ???,?? Ar, Kr, Xe???????
CH4 ???,?????? fcc???????????????????. CH4 ????
???????????? O ????????? [14]. ??????? CH4 ?????
????? 3.3??? [49]. ??????????? CH4 ???????????,??
?????????????????????????. ? 3.3??,?? CH4 ????
???, O ?????????? J = 2??? J = 3?????????????. ??
??????????????????????????,?????????????
????.
? 3.3: ?? Ar, Kr, Xe?? CH4 ??????? [10, 14].
EAr (K) EKr (K) EXe (K) Label
J = 0, I = 2 0 0 0 a
J = 1, I = 1 9.5 11.9 13.5 b
J = 2, I = 0 22.3 28.3 33.5 c
J = 2, I = 1 22.3 28.3 33.5 d
J = 2, I = 1 32.1 39.2 44.2 e
J = 2, I = 0 69.3 70.2 64.2 h
J = 3, I = 1 44.6 55.7 65.9 f
J = 3, I = 2 44.6 55.7 65.9 g
J = 3, I = 1 95.0 79.8 86.4 i
7 7.5??? 7.8??,?? Xe?? CH4 ????????????????????.
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? 3.3: ??????? CH4 ?????????? (??)?????? [49].
22 ? 3? ????????????
3.4 ???????????
3.4.1 ???????????
??????????????, 2 ????????????. 1 ???????
????????????????????, ?? 1 ??????????????
???????????. 3 ???????? CH4 ?????????????, ?
???????????????, ??????????????????????
? [27,36,38,39,52]. ?????????, CH4 ??????????????,????
???????????. ??, ?????????????????????????
????. ??, ????????????????????????.8 ???????
??????????,??????????????????????????,???
???????????????????. ????????????????????
????,?????????????????????????????.
?????????????,?????????????? (??????????)
???????????????????????????????? (???????
??)???.????????????????????????,?????????
??. ??? ∆J = 0, ±1 ± 2 ? ∆I = ±1, ±2, ??? ∆J = 0, ±1 ? ∆I = ±1 ??
? [39]. ??, ??????????????, ??????????????????,
????????????? [53, 54]. ??, ?????????????, ??? (??
CH4 ???,???????????????)???. ??????,????????
??????????????, ???, ????????????, ??, ??????
??????? [38]. ????,????????????????????????.
3.4.2 ?????????
?????????????????,?????????? 2????? [36, 55]. ?
??????, ??????????????????????, ????, One-phonon
process, Two-phonon process ??????. ???, ????????????????
????????????.
???, 2????????????????? [55]. ???? b??,???? a??
??? 2????????? 3.4???. ???, a??? b?????????? δ ??
8 ???????????????????????,???????????????????????
??????????????.
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?. ????????? K(Kelvin)???. ??????, 1?????????????
?????????????????. ?????????????????, Bose??
???????????????.
p(E) = [exp(E/T )− 1]−1 (3.2)
E ????????????????. i???? j ????????? wij(>0)???
?, wab ? wba ????????????????.
wab = A1p(δ), (3.3)
wba = A1[p(δ) + 1]. (3.4)
A1 ??????????????,????????????????????????
?????????????????. ??? i(=a,b)?????????? ni ????,
2???????????????????????.
dna
dt
= −wabna + wbanb, (3.5)
dnb
dt
= wabna − wbanb. (3.6)
???,??? na ? nb ????????????????,???? n?
n ≡ na + nb = const. (3.7)
???. ? (3.5)?? (3.3)?? (3.4)?????. ??,? (3.7)?????, ? (3.5)??
??????????.
dna
dt
= −A1p(δ)na +A1[p(δ) + 1]nb (3.8)
= −A1p(δ)na +A1[p(δ) + 1](n− na) (3.9)
= −A1[1− 2p(δ)]na +A1[p(δ) + 1]n (3.10)
???,? (3.8)????,???????????,??????????,??????
?????. ? (3.10)? 1????????????????,??????,
na(t) = na(∞) + [na(0)− na(∞)]e−kt (3.11)
???,
k = A1[1− 2p(δ)] (3.12)
?????. ??????????????????????????????????
??????????,? (3.11)?? 6.1.2???????????????? (6.5)??
???????. ??,? (3.12)?, 7.3.1????? (7.2)????????????,?
??????????????.
24 ? 3? ????????????
? 3.4: ????, Orbach??, Raman??????. δ ? a??? b??????????, ∆? b
??? c???????????????. ????????? K(Kelvin)??????.
??, Orbach??????????????? [55]. b??????, a??????, c
?????????? 3????????? 3.4???. ???, b??? c??????
???? ∆???. ????????? K(Kelvin)???. b??? c????????
??? a??? c?????????????,???????????.
wbc = B1p(∆), (3.13)
wcb = B1[p(∆) + 1], (3.14)
wac = B2p(δ +∆), (3.15)
wca = B2[p(δ +∆) + 1]. (3.16)
B1, B2 ??????????????. ???,??????????????????.
dna
dt
= −wacna + wcanc, (3.17)
dnb
dt
= wbcnb − wcbnc. (3.18)
B1 ≈ B2 = A2 ????,? (3.17)???? (3.18)?? (3.13)–? (3.16)??????,
dna
dt
= −A2p(δ +∆)na +A2[p(δ +∆) + 1]nc, (3.19)
dnb
dt
= −A2p(∆)nb +A2[p(∆) + 1]nc (3.20)
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???. ???? T ?? ∆?????????, na ??? nb ???? nc ??????.
???, δ ≪ ∆??????, p(δ+∆)? p(∆)???????????. ???, na−nb
? nab ?????. ? (3.19)–? (3.20)??,
dnab
dt
≈ −A2p(δ +∆)na +A2p(∆)nb, (3.21)
≈ −A2p(∆)(na − nb), (3.22)
≈ −A2p(∆)nab (3.23)
???. ???, T ≪ ∆??????,
dnab
dt
≈ −k′nab (3.24)
???,
k′ = A2 exp
(
−∆
T
)
(3.25)
??????. ? (3.25)?, 7.3.1????? (7.2)????????????, Orbach?
????????????.
26
? 4?
????
4.1 ?????
???????,??????????,???????????????????,?
?????????????????????????????????. ?????
???????, ???????????????, ????????????????
?????. ???, ?????????????????, ????. ????????
????,???????????????????????????????????
????. ???????????????. ???????????????????
???????????????????????,????????????????
??????????. ????????????????????????, ????
???????. ???????????????? (FTIRS: Fourier transform infrared
spectroscopy)???????????.
???????????, 4.1.1?????????????????, 4.1.2??? s?
?? p??, 4.1.3???????????, 4.1.4??????????????????
??. ??????,?? [56–58]????????.
4.1.1 ???????????
?????????????????????????????????? 4.1???.
??????????, ??, He-Ne????, ???, ?????????, ???, ??
?, ???????, ?????????. ???????????, ?????????
???????????????. ????????????????????????
?,???? 2????????. ???????,?????????????. ???
??????, ????????????????. ????? mm?????????
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????????,?????????????.1 ???,??????????????
??????????????. ??,???????????????????. ???
??? (?? λ)???,??????????????????? λ?????? cos?
????. ???,???????????????,?????????? cos????
???????, ??? 0???????????????????????. ????
????????????????????????,???????????????
???????????. ??? FTIRS??????. ???????????????
????,??????????????????????????, "???"?????
?????????????????. ????, ?????????????????
??????????? FTIRS??????.
Movable Mirror
Fixed Mirror
Laser Detector
Beam Splitter
He-Ne Laser
SourceAperture
Sample Chamber Detector
PC
? 4.1: ?????????????.
1 ???????, He-Ne???? (λ = 632.8 nm)????????.
28 ? 4? ????
4.1.2 s??? p??
????????????????????????????, s??, p??????
?????. ????????????????????????????? (? 4.2??
????). ???,????????????????????? s????,?????
???????????????? p?????. ???? 0??????? s????
????,????????????? −180????? [59]. ????,??? ∼1??
?,????????????????????????,????????????? 0
??? (? 4.2??????). ???, p??????? 90??????????,???
?????????????. ????, ?????????????????????
??????????, 2?????????????. ?????,?????????
??????????????????????. ??, ??????????????
??????. ??, ??????????????????????????????
????????????????????, ????????? (?????????
????????????????????????????)??????????.2
????????????????????????, p????????????.
? 4.2: s????? p??.
4.1.3 ????????
n ??????????????????, ???????? 3n ?????????
???????????. ????????? x, y, z ????????????, 3 ??
2 ????????,?????????????,???????????????.
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?. ?????????????????????, ??????????? 3 ???,
?????? 2???. ????,??????????? 3n − 6????,?????
3n− 5????. ???,????????????????????,????????
????????????????????. ???, ???????????????
???????.
????,?????? 2??????????. ???????????,?????
?????????????????.
H =
p2
2µ
+ V (∆r) = − !
2
2µ
d2
d(∆r)2
+
1
2
µω2(∆r)2 (4.1)
p2 ????????, µ?????,∆r??????, ω??????????? (???
??)???. ???,
Q =
√
µ∆r (4.2)
????,? (4.1)???????
H = −!
2
2
d2
dQ2
+
1
2
ω2Q2 (4.3)
???. ???????????????????,???????? Ev ????? ψv
???????????.
Ev = !ω(v +
1
2
) (v = 0, 1, 2, · · · )
ψv = NvHv(αQ)e
−α2Q2/2 (4.4)
v ??????, ν ????, Nv ??????, Hv ????????, α =
√
ω/!???.
????????????, ?????????????????? ψv ??????
??????? ψv′ ???????,???????????????. ???????,
???????????????????????????????????????,
???? A?????????????.
A ∝ |⟨ψv′ |µ|ψv⟩ ·E|2 (4.5)
µ??????????????, E ??????????????.? (4.5)??,??
???????,??????? ⟨ψv′ |µ|ψv⟩??????? E ???????????
??. ????????????????????????, ??????????? 0
???.??,??????????????????????????.
???? Q????????????????????????.
µ(Q) = µ0 +
(
dµ
dQ
)
0
Q+O(Q2) (4.6)
30 ? 4? ????
???,????????????,
xHn(x) = Hn+1(x) + nHn−1(x) (4.7)
???. ? (4.7) ??????????????????, ?????????????
?????????????????.
⟨ψv′ |µ|ψv⟩ = µ0Nv′Nv
∫ ∞
−∞
Hv′(αQ)Hv(αQ)e
−α2Q2 dQ
+ Nv′Nv
(
dµ
dQ
)
0
∫ ∞
−∞
Hv′(αQ)QHv(αQ)e
−α2Q2 dQ
= Nv′Nv
(
dµ
dQ
)
0
[∫ ∞
−∞
Hv′(αQ)Hv+1(αQ)e
−α2Q2 dQ
+ v
∫ ∞
−∞
Hv′(αQ)Hv−1(αQ)e−α
2Q2 dQ
]
(4.8)
? (4.8)??,???????? 0?????????,?? 2???????????
?????. (
dµ
dQ
)
0
̸= 0, (4.9)
v′ = v ± 1 (4.10)
???, ∆v = v′ − v ? +1???????????, ∆v ? −1???????????
?????????.
? (4.9) ?, ??????????????????????????????. ??
?, ?????????????????????????????????, ????
????. ???,???????? CH4 ??? ν1 ??? ν2 ????????????
?????? (4.9)???????????. ??,? (4.10)?,?????? 1????
???????????????. ???,????????????????????,
v = 2? 0?????? (??)??????. ???, ???????????????
??,????????????????????????????????.
?????????????????, ??????????. ??????????
????????,??? 2??????????????????.
∆J = ±1, 0 (4.11)
∆R = 0 (4.12)
J ?????????????, R? (??????????)????????????
??. ???,??????????????????????????????.
4.1 ????? 31
?????????????????????,??????????????? J ?
??????,??? 3???????. ∆J = −1???? P? (????), ∆J = 0?
??? Q?, ∆J = +1???? R????. ??,?????????????????
??. ??????????????????? 4.3???.
? 4.3: ????????????????? (?????,?????????????????).
32 ? 4? ????
4.1.4 ??????????
???????????,??????????? (?????????????,??
?????????????????) ???????????????.3 ??, ???
???. ??????????,??????? ∆t??????????? ∆E ??,?
????????.
∆t ·∆E ! h (4.13)
h??????????. ???,??????????? ∆t?????,??????
?????????? ∆E (! h/∆t)???,???????????????????.
?????????,?????????????????????. ??,??????
?,????????????????????????????????????,??
???????. ???????????,????????????????. ????
??????????????,?????????????????????????
????????????????. ???,???????,????????????
??????????????. ?????????? (≥0.5 cm−1)?????????
??,???????????????????????. ????,?????????
????????????????????.
3 ?????,???? 2??????????????????????.
4.2 ????????? 33
4.2 ?????????
???????????,???????????????? (??????)????
?,????????????????. ????,?????????????????
?. ????????????????????, ?????????????????
???????????,???????????????????. ??,??????
????????????????????,???????????????????
??????,???????????????. ?????,????????????
???????.
??????????, ??????????????????? [6, 17, 60] ???
H2 [36, 61, 62]??????.4 ??? He?? [65]? CH4 [66]???????????
????????.5 ???, ?????????????????? CH4 ??????
????. 3.3????????,????????? Ar, Kr, Xe? 1?????????
?? CH4 ? vdW ????????????, CH4 ??????????? 1 ????
??????? [6]. ??????????????????????????????
??,????????????????. ????,????????????????
???, ???????????????????????????. 7.2???, ???
???????????????????.
4 ??,???????????? H2 ?????????????? [36,63,64]. ???????????
?. (1)??????? H2 ???????????????????????,???????????,
??????????. (2)???? H2 ????????????,????????,????????
???? 20% ????. ???, ??????????? H2 ??????????????????,
vdW???????????????????. (3)????????????????,???????
???????????. ?????,?? H2 ??????????????????????????
(0.0003 cm−1 ???),????????????????????.
5 CH4 ??? ν3 ??? ν4 ????????????????,??????????????????
???????????????????????????????.
34
? 5?
????
5.1 ?????
?????????? 5.1???.1 ?????????????, ?????????
? (FTIR: Fourier transform infrared) ???, ???, ?????, ??????????
?. ????????,??????????? (MCT: Mercury cadmium telluride)???
????. ??????????????? 253 mm???????, ????????
???????????????????????????????. ????????
?????, ?????, ???, ??????????. ????????? 80◦ ???
?????????????,????????????? ICF70??????????
????. ???????????????????, BaF2 ??????????.2 ??,
?????????????????????? (LPLS: Laser-plasma vacuum ultraviolet
light source)????????,??,?????????????? (UHVGV)????
???????. ?????????????????????????, ??????
?????????????????????. ??????????????????
??, 5.3 ?????????. ?????????????????????????
????????, ???????? (? 5.1?? SP)??????????. ??, ??
????????????? 1/4????????? (PV)?????????????
??????. ???????????????, 5.4?????????.
????????????????? 5.2 ???. ??????????????
?????? (Advanced Research Systems, LT3B Helitran) ?, ?? Z ???? (AVC,
ALM-275-1/50),??? (AVC, ARS-275), ICF70-253????????????????
1 2018? 11?????????.
2 BaF2 ??????, 50,000–900 cm−1 ???.
5.1 ????? 35
?????????.3 ?????????????????, Z???????????
?????. ??, ??????????????, ???? ICF34??????? 1?,
???? ICF70 ? 8 ?, ???? ICF70 ? 4 ?? ICF114 ? 6 ???. ???????
?????????????????,?????????,???,?????????
???????? (VL1),???????? (Q-Mass)?,??????????????
? (EG), ????????? (NIG), ??????????? (VL2, VL3) ??????
??. ??????? 5.3 ???. ????????????????????????
????,??????????????? (TOF-MS: Time-of-Flight mass spectrometry)
????????????????????.4
? 5.1: ????????.
3 2016 ? 2 ????, Z ???????, ???? Thermionics Vacuum Products ? RN-4001FA ????
???. ICF70-253???????????? A????.
4 2018? 11???, TOF-MS??????????????????.
36 ? 5? ????
? 5.2: (a)???????? (b)???????.
? 5.3: ?????.
5.2 ??? 37
5.2 ???
5.2.1 ???
FTIR?????, JASCO? FT/IR-6100????. ????????????????
????? 5.4 ???. ????????, ???, ??????????, ??????
??????????????? (TGS: Triglycine sulfate)?????????????.
?????,???????????? TGS????????,??????? MCT?
????????????? (? 5.1). ????,???? 7800–350 cm−1 ??????
??????????. ???????? CO2 ???????????????, ??
?????????????????????.
FTIR????????????? 5.5???. 4.1.1?????????,??????
???,?????????,???,???, He-Ne????????????. ????
????????? Ge/KBr???,??????? 7800–350 cm−1 ???. ?????
? 4.0 mm/sec???.
??????????,????????? (?????????? Ver. 2)?????
???. ???????????, 0.5 cm−1, 1.0 cm−1 ???,????????????
???, 2.5 mm, 3.5 mm ????????. ???????, ????????????
?, p??????????????????.5
FTIR???????, ????????????, ?????????? (?????
???)???????????????,????????? (Absorbance)????.
A = − log10(I/I0) (5.1)
???, I0 ??????, I ??????????????. ?????????????
???????????????,????????????????????????
??????. ????????????????????????? 500∼1000???
?,???????????? 100? (1.0 cm−1), 18? (0.5 cm−1)???.
5 p?????????, 4.1.2???????.
38 ? 5? ????
? 5.4: FTIR??????.
? 5.5: FTIR???????????.
5.2 ??? 39
5.2.2 ???
?????????? 5.6???. ?????????? MCT???,???,???
?????,???????????????????. ??????MCT??????
??????????, ??????? 12000–750 cm−1 ???. ??????????
????????, 1?? 1????????????????. ????????,??
???????????????????? (???)????. ???????????
??????,???????????? XY??????????? Z???????
??????????.6 ??????????,??????????????????
???????????????.
? 5.6: ????????.
6 ????????,???????? 80◦ ????????,?????????????? Z????
??????????????????.
40 ? 5? ????
5.3 ????????,??????
5.3.1 ????????
"?2016? 2?
2016? 2????????,???????????????????????????
?????. ?????????????????? 5.7???. ???????????
600 mm,??? 90 mm???,?????????? 0.5 L???. ?????????
?????????????, ?????????????????????, ????
??? 80 K???????????. ???,???????????????????
??,????????. ???????????????? 7 K????.
??????????????,??,?????????????????,????
??????. ???,????? K??????????????,?????????
????????????????????????????????. ??, ????
????????????????????????????????????????
??????????????.7 ???, 2016? 3?????????????????
?????????????.
" 2016? 3??
2016? 3????????,???????????????????????????
??????. ??????????????????? 5.8???. ?????????
??? 334.8 mm???. ???????????????????????????,?
??????????????????. ?????????????????????
???????????????????????,????????????????
????. ?????????, ?????????????????????????
??,????????????????. ????? 4.2 K?????????????
??? 0.7 L/h???. ????????????????? 5 K????.
????????????,??????????????????????????
?????????????????????????,??????????????
??????????????????. ??, ??????????????????
?????. ??????????????, ???????????????????
???????. ???,????????????.
7 ?????: ?????????????????, ???????????????????????
????. ?????: ???????????,?????????????????????????
??.
5.3 ????????,?????? 41
? 5.7: ??????????????????????.
? 5.8: ???????????????????????.
42 ? 5? ????
5.3.2 ??????
"?2016? 2?
??????????????????, L ??????????????????. ?
?, ????????????????????????. ?????????????
????????????.8 ?????? 16 mm,?? 6 mm????????????
??. ??, ?????????????????????????? Au ??????
?.9 Au????? (λ = 3 µm)????? 98.3%??? [68]. ???????????
?,????????????????????????????.10 ?????????
? 5.9 (a)???.
? 5.9 (b)??????, ??????????????????, ?????????
????. ??, ??????????, ?????????????????????
???????????. ?????, ??????????????????????
(DT-670-SD)????????.11 ???????? ±0.1 K???.12 ????????
?????????????????, ?????????????????????
???. ????,??? 7 K??????????????? 3 A???????,??
???? 20 K???.
" 2016? 3??
????????????????????,???????????????????
??????????. ?????????? 2?????????????. ??,??
??????????????????? A????.
8 ????????????????? (>99.96%)???,????????????????. ??,??
??????? (391 [W/(m·K)] at 293 K)??? [67].
9 ????????????,?????????????????,?????????????????
??????. ??????????. ??????? (?????)????????????,????
?????? 10−1∼1 Pa????. ???????????????????????,????? (?
???????????????, ?????????????????????????)?????
?. ?????????????? (Ar+)???????,????????????????????
???? (?????). ??,??????????. ???????????????????????
????, ??????????????. ???????????????????????????
???????,???????????????????.
10 ????????????????????????? (TOF-MS)???,?????????????
?????????,????? TOF-MS??????.
11 ???????, LabVIEW ?????? (??: K) ?????. LabVIEW ???????, Lake Shore
Cryotronics, Inc.? DT-670????????????????.
12 ???,??????? (>250 mK)????????.
5.3 ????????,?????? 43
? 5.9: (a)????????? (b)????????????.
(1) 1?????????????????? (??????????)?????. ?
???????? 5.10 (a)???. ????????????????????. ?
?? 31 mm???,???? 15 mm??,?? 0.4 mm?????????. ??
?? 15 mm×15 mm, ?? 0.5 mm??? (???????, AU-173461)????
?,?????????????. ?????????????,????????
???????????????????.
??????????????????? 5.10 (b)???. ?? 95.5 mm????
(???)??????,?????? 8 mm??? 2?????????????
????????? 7 mm ??? 1 ????. ??, LPLS ??????????
?, ??????????????? 17 mm ????????????????
?. ???????????????????,?????????????. ??,
???????????????????????.
44 ? 5? ????
? 5.10: (a)??????????? (b)??????.
(2) 2?????????????????? (?????????)?????. ??
??????? 5.11 (a)???. ?????????????. ??? 52 mm??
?,???? 15 mm??? 2???? 6 mm?????????????. ???
?????????,????? 15 mm×15 mm,?? 1.0 mm?????????
???????? (Panasonic)13?????, ???????. ?????????
?????,????????????????????????????.
?????????????????? 5.11 (b)???. ???????,?? 125
mm, ?? 31.6 mm, ?? 3.3 mm ?????????????, ????????
?????????. ???????????????????????????
???,?????????? 8 mm??? 4?????????? 7 mm???
2??????. ???????????????????,??????????
???. ??,??????????????????????.
13 ????????????? (HOPG: Highly oriented pyrolytic graphite)??????????????
???????????. ??????? HOPG??????????? 0.4∼0.5???.
5.3 ????????,?????? 45
? 5.11: (a)?????????? (b)??????.
46 ? 5? ????
335????????? (Lake Shore Cryotronics, Inc.)?? 5.12???. ??????
?? 2 ????????????????. ???????????????????
??? (LS-DT-670B-SD)???????? ±0.5 K????. ?????,??????
?????????????, ?????????????. ???, ?????? ±12
mK ??????????????? (Lake shore, DT-670-SD-1.4H) ??????.14 ?
?,??????????????????? (50 Ω)????????????????
?. ?????????????????,?? PID????????????????
?, ?????????????????????????????. ????????
?,???????????????, 10????????????? (∼5 K)?????
????.
? 5.12: 335?????????.
14 ??????? 2016? 5? 25??????.
5.4 ????????? 47
5.4 ?????????
5.4.1 ???
??????????????? 5.13 ???. ????, 2 ??????????
(TMP1, TMP2)?????????? (DP1)????????????. ???????
????, ??????????????????, ????????????????
?????????????. ?????,????????????????????,
ITT ????????????? (???????????, FS1514, 100 V-1100 W) ?
?????? 373 K???, 24??,????????? (?????)?????. ??
???????????????????????,????????????????
????????????. ?????????????????? (EG)??????
?. ???????????????? 1× 10−8 Pa????.15
??????, ?????????????? (TPS)??????????. ????
???????????????????,????????????????????.
????????????????????????, ??????????, ????
???????????????????????. ???????????? (???
???) ???, ????????? 373 K ?????????????. ??????
?????????????, 373 K ? 24 ??????. ?????????????
???? (CG)16???????. ???????????? 1 × 10−1 Pa????. ??
?, ?????, ???????????????, ?????????????? H2O
? CO2 ????????????????,???????? (SP)?????????
???? (? 5.1). ?????????, 1 × 102 Pa????. ???,???,?????
???????????? 5.1?,???????? 5.2?,???????? 5.3???
??.
5.4.2 ?????
??? (???)?? 3??????????????,??????????,???
???????? (VL1, VL2, VL3)?????????. VL1???????,????
?????? 55 mm,??????????? 20◦ ???????????,?????
??????????????. ??, VL2, VL3???????,??????????
15 2018? 6??,????????? 2.7×10−9–1.3×10−1 Pa?????????? (NIG)?????.
16 ??????? 1.3×10−2–1.33×105 Pa???.
48 ? 5? ????
?????????????????????.17 ?????????????????
????, H2, Ne, Ar, Kr, Xe, CH4, CD4 ???. ??,???????????????,
NH3, CO, CO2, O2 ??????????. CH4, Ar, Kr, Xe?????? O2 ??? H2O
????? 5.4?????.18 H2O? D2O?????? U?????????????
???????. ??, ?????????????. ?????????????, ??
?????????????. ??????????????????????????.
???????????????????,???????????????????
???????. ??, CH4 ???? CD4 ????????, ???????????
???????. ????, CG???????????????. ??????????
???????,????????????????????????????????
?.19 ???????????? [µ·Pa·s] ?, 10.26 (CH4, CD4), 20.96 (Ar), 23.27 (Kr),
21.90 (Xe)???.20
? 5.1: ???,???,???????????????.
?? ??? ???? (L/s) ???? ??
TMP1 ???????? 340 SEIKO SEIKI STP-300
TMP2 ???????? 60 PFEIFFER TMU 071 Y P N
SP ???????? 150 Busch Fossa FO 0009 B
DP1 ????????? Greiffenberger 4EKGF63DX-4
TPS ?????????????? 67 PFEIFFER HiCube 80 Eco
? 5.2: ?????????????????????.
?? ??? ???? ??
EG ??????????? LEYBOLD VACUUM IONIVAC IE 514
NIG ????????? INFICON BAG050
CG ???????? VACUUM PRODUCTS GC-210
17 ???????,??????????,????????????????.
18 2017? 5???????? CH4 (Research)?,?????? CH4 (Special)???????.
19 ?????????????, N2 ???????????. ???, N2 ??????????????,
?????????? N2 ??????????????????. ??????, 1.58 (CH4), 1.34 (Ar),
1.88 (Kr), 2.50 (Xe)???.
20 CD4 ?????????????, CH4 ?????????.
5.4 排気系・気体導⼊系 49
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図5.13:気体導⼊系および排気系の概要図.
表5.3:真空槽,光学系,気体導⼊系に⽤いたバルブの概要.
記号 バルブ 製品社名 型番
VL1 バリアブルリークバルブ
VL2 バリアブルリークバルブ
VL3 バリアブルリークバルブ
AV アングルバルブ
DV1 ダイアフラムバルブ Edwards SP25K
DV2 ダイアフラムバルブ Edwards SP25K
PV 1/4回転式プラグバルブ Swagelok
50 ? 5? ????
? 5.4: ?????????? O2, H2O??? (???????).
?? ?? (%) O2 ??? (ppm) H2O??? (ppm)
CH4 (Research) >99.99 <20 <5
CH4 (Special) >99.999 <0.5 <2
Ar (Special) >99.9999 <0.05 <0.5
Kr (Research) >99.995 <1 <2
Xe (Research) >99.99 <2 <2
5.4.3 ????????????
?????, VL2 ???? VL3 ????????????????????????
?. ???????????????????????.21
???????????????????????,?? t????? A??????
????????????.
N =
∫ ∞
0
f(vx)nAvxtdvx (5.2)
???, vx ? x???????, f(vx)? x???????, n???????????.
???,??????????????????????????,
f(vx) =
√
m
2πkBT
exp
(
− mv
2
x
2kBT
)
(5.3)
???. ???, m ????????, kB ????????, T ?????????. ?
(5.2)?? (5.3)??????,
N = Ant
√
m
2πkBT
∫ ∞
0
vx exp
(
− mv
2
x
2kBT
)
dvx (5.4)
= Ant
√
m
2πkBT
· 2kBT
2m
(5.5)
= Ant
√
kBT
2πm
(5.6)
?????. ???, ??????????????????????? [1/s·m2]???
???????.
Γ =
N
At
= n
√
kBT
2πm
= p
√
NA
2πMkBT
(5.7)
21 ??????????????? 1???.
5.4 ????????? 51
???, p??????, NA ???????,M ?????????. ????????
?,?????????? p = nkBT ?m =M/NA ???????????.
?????? Γ ?,??????????? X [1/m2]??????????????
?????? D [ML/s] ???. X ?????????? 2 ????, ????? X1 ?
X2 ???.
1. ??????????? X1 ?????.
?????????????????????????? fcc??? (111)???
???????, ?? 1????????
√
3
4
a2 [m2]???. ???, ?????
???????
4√
3a2
[1/m2]???.
2. ??????? X2 ?????.
??????? ρ [g/m3]????,???????????? ρ
NA
M
[1/m3]???.
???,????????????
(
3
√
ρ
NA
M
)2
[1/m2]???.
?????????????????? CH4 ??? X1, X2 ???????????
?? Γ/p?,???????????????? 5.5?????. ???, X1 ? X2 ??
????,???????X1 ??? 10%???????????. ???,??????
???, ???????????????????. ????????????????
?, D/p = Γ/(p ·X1)???. ????,??????????????? p [Pa]???
?? t [s]????????????? D [ML]???.
? 5.5: ?????? CH4 ????????????????????????????????
????.
M [g/mol] a [Å] ρ [kg/L] Γ/p a X1 X2 D/p b
Ar 39.95 5.31 1.398 2.44×1022 8.2×1018 7.6×1018 2.97×103
Kr 83.8 5.68 2.413 1.68×1022 7.2×1018 6.7×1018 2.35×103
Xe 131.3 6.1 3.057 1.34×1022 6.2×1018 5.8×1018 2.16×103
CH4 16.04 5.84 0.422 3.84×1022 6.8×1018 6.3×1018 5.68×103
a ??? 1/(s·m2·Pa)???. ???????????? T = 293 [K] (20 [?]),
NA = 6.0221409× 1023 [1/mol], kB = 1.38064852× 10−23 [m2·kg/s2·K]???.
bD/p = Γ/(p · X1) ??????.
52 ? 5? ????
5.4.4 ????????????
???????, VL1?????????????????????????????
???. ???????????? 5.14?,????????????????????
5.15???. ???????????????? 18 mm,?????????? 5 mm?
??. ?????????????????????,????????????????
???????????????????????????????????.22 ???
Γ × (???????)?????. ??,?????????????,????????
?????????????????????,?????????????? [69].
Norifice =
V∆P
kBT
· 1
πr2
(5.8)
V ?????????,∆P ????????????, r??????????????
??.
? 5.14: ??????????.
22 ???,????? 1???.
5.4 ????????? 53
? 5.15: ???????????????.
54
? 6?
????
6.1 ??????????? CH4, CD4 ???????
6.1.1 ????????????????????
6.1.1.1 ?????????
ν3 ????? ν4 ???????? Ar???????? CH4 ???????????
????,? 6.1 (a)? (b)???. ??? CH4 ??? 0.03mol%???,????? 7.1 K
???. ???, ν3 ??????????????? 3?????????,??, ν4 ??
?? 4??????????. ν3 ??? ν4 ?????? Kr???????? CH4 ??
?????????????,? 6.2 (a)? (b)???. ??? CH4 ??? 0.08mol%??
?,????? 7.0 K???. ??????? 42 K???. ?????, ν3 ??? ν4 ??
? 4??????????. ν3 ??? ν4 ?????? Xe???????? CH4 ???
????????????,? 6.3 (a)? (b)???. ??? CH4 ??? 0.05mol%???,
????? 7.0 K???. ??????? 55 K???. Kr??????????,???
??, ν3 ??? ν4 ??? 4??????????.
? 6.1–? 6.3 ??????????????, ?????????????????
CH4 ??????????,??????????, P(1), Q(1), R(0), R(1)???????
?????? (??????????????????????). ??????????
?, 7.1????????. ν3 ??? ν4 ?????????????????? (???
?? Q(1) ????) ?? 6.1 ?????. ??, Nishiyama ?????????????
?????????? [14]. ? 6.1??,????????????????????,?
???????????????.
6.1 ??????????? CH4, CD4 ??????? 55
? 6.1: (a) ν3 ????, (b) ν4 ???????? Ar???????? CH4 ??????????.
????? 7.1 K,???? 1.0 cm−1.
? 6.2: (a) ν3 ????, (b) ν4 ???????? Kr???????? CH4 ??????????.
????? 7.0 K,???? 1.0 cm−1.
? 6.3: (a) ν3 ????, (b) ν4 ???????? Xe???????? CH4 ??????????.
????? 7.0 K,???? 1.0 cm−1.
56 ? 6? ????
? 6.1: Ar, Kr, Xe ???????? CH4 ????????????????????????
(X −Q(1)). Q(1)? Q(1)?????????????,X ???????????????. ??
? cm−1.
Ar matrix ν3 X −Q(1) ν4 X −Q(1)
Assignment Wavenumber Observed Calculateda Wavenumber Observed Calculateda
P(1) 3021.4 -7.3 -6.36 1298.5 -4.2 -3.72
Q(1) 3028.7 0.0 0.00 1302.7 0.0 0.00
R(0) 3036.4 7.7 6.36 1306.0 3.3 3.72
R(1) 8.78 1309.4 6.7 6.43
Kr matrix ν3 X −Q(1) ν4 X −Q(1)
Assignment Wavenumber Observed Calculateda Wavenumber Observed Calculateda
P(1) 3010.1 -8.7 -7.95 1294.9 -4.5 -4.59
Q(1) 3018.8 0.0 0.00 1299.4 0.0 0.00
R(0) 3026.5 7.7 7.95 1303.1 3.7 4.59
R(1) 3030.3 11.5 11.32 1306.6 7.2 7.98
Xe matrix ν3 X −Q(1) ν4 X −Q(1)
Assignment Wavenumber Observed Calculateda Wavenumber Observed Calculateda
P(1) 2996.6 -8.7 -9.01 1291.1 -5.1 -5.18
Q(1) 3005.3 0.0 0.00 1296.2 0.0 0.00
R(0) 3013.5 8.2 9.01 1300.5 4.3 5.18
R(1) 3017.8 12.5 13.81 1304.8 8.6 9.32
aCalculated by Nishiyama et al. [14].
????????? Kr, Xe ?????????????.1 ???????, ????
?, ν3 ??? ν4 ?????????????????. ???, ??????????
??????????????, ?????? CH4 ????????????????
???????. ?? Ar, Kr, Xe ? 1 ???????????????, 1.85 Å, 2.00 Å,
2.20 Å????????????? [6]. CH4 ??? vdW??? 2.08 Å????? [51],
CH4 ??? 1??????????????????????????. ??,????
?? fcc ???????, CH4 ??? fcc ???????????????????. ?
1 10−4 Pa???? Ar, Kr, Xe??????????, 30 K, 40 K, 60 K??? [70]. ?? Ar???,??
?????????????????????????.
6.1 ??????????? CH4, CD4 ??????? 57
??,????????,???? (hcp: hexagonal-close-packed)???????????
????????????? [17]. ?? hcp????????????????????
???,???????????????????. ????,????????????
?, hcp????????? CH4 ???????? fcc???????????????
???.
6.1.1.2 ????????
2.3????????,?????????? CH4 ??? ν3 ??? ν4 ???????
?????, ???????????????? 3??????????. ??????
?????,????????????????????????????,??????
???? (2.15)??????????????.
R(0)−Q(1) = F (−)1 (1)− F (0)1 (1) + F0(1)− F0(0) = 2B0(1− ζi) + 2ζi∆B,
R(1)−Q(1) = F (−)1 (2)− F (0)1 (1) = 4B1(1− ζi). (6.1)
Q(1), R(0), R(1)? Q(1), R(0), R(1)??????????, B0 ???????????
??, B1 ???????????????, ∆B = B0 − B1 ???. ? (6.1)?????
?,????????????? CH4 ??????? B0 ???????????.2
B0 = [R(0)m −Q(1)m − 2ζi∆B]/2(1− ζi). (6.2)
???m????????????????. ???,???????????????
???? ζi ????????????????? (ζ3 = 0.05583, ζ4 = 0.46418).3 ???,
∆B ??????? ν3 ??? 0.04099 cm−1, ν4 ??? 0.07189 cm−1 ??? [71]. ??
???, Q(1)???? R(0)??????????????? ν4 ???????????
???. ???????? 6.2?????. ? 6.2??,???????????????
?????? (5.24 cm−1) ?? 20–40% ?????????. ??, ?????????
vdW????????????, B0 ???????????????. ???,????
?????????????? CH4 ????????????????????? [63].
???,? (6.1)?????? B1 ???????????.
B1 = [R(1)m −Q(1)m]/4(1− ζi). (6.3)
ν4 ?????????????????? 6.2?????. ? 6.2??, B0 ≃ B1 ???
2 ???? B ?,???????????????????????????,????????????
?????????, ?????????????????????. ???, ???????????
???????????????? B ??????????.
3 ζ3, ζ4 ????,??? CH4 ?????????????????????????????? [71].
58 ? 6? ????
??????. ???????????? ∆B ? 0.1 cm−1 ?????, ???????
???.
Matrix B0 (cm−1) B1 (cm−1)
Ar 3.0 3.1
Kr 3.4 3.4
Xe 4.0 4.0
? 6.2: ??????????? CH4 ???
????????????????????
???.
Assignment ν3 [72] ν4 [71]
P(1) 3009.006 1300.467
Q(1) 3018.825 1305.809
R(0) 3028.763 1311.420
R(1) 3038.500 1316.819
? 6.3: ???? CH4 ??? ν3 ??? ν4
????????????????. ???
cm−1.
??????????????????? CH4 ??? ν3 ??? ν4 ????????
???????? [71, 72]?? 6.3 ?????. ???????? 6.1 ????????
??????????????,?????????????????????????
??????????. ??????????????????? (?????????)
?? (2.15)???????????????.
∆ν = Q(1)m −Q(1)g + 2(∆Bm −∆Bg). (6.4)
??? g ????????????. ???, ∆Bm = ∆Bg (≡ ∆B) ?????. Q(1)g
???? ∆ν ?????? 6.4 ???. ???????????????? 7.2 ???
??.
? 6.4: ??????????? CH4 ???∆ν/Q(1)g .
Matrix ν3 ν4
Ar 0.0033 -0.0024
Kr -8.3×10−6 -0.0049
Xe -0.0045 -0.0074
6.1 ??????????? CH4, CD4 ??????? 59
6.1.2 ??????????
6.1.2.1 ??????????????
ν3 ??? ν4 ?????? Xe???????? CH4 ??????? (???)? 7200
?? (???) ???????????? 6.4 (a) ? (b) ???. ????????, ν3, ν4
???? R(0)?????????, P(1), Q(1), R(1)??????????. ??????
? J = 1?? J = 0??????????????, 2.2.2?????????????
?????????, I = 1?? I = 2?????????????????. ????
???????????????????????,????????????????
????????????.4 ??????????????????????????
σg ???.
? 6.4: (a) ν3 ????, (b) ν4 ???????? Xe???????? CH4 ??????????
?????. ????? 8.5 K,???? 1.0 cm−1.
6.1.2.2 ??????
ν3 ??? ν4 ?????? Xe???????? CH4 ? R(0), Q(1), R(1)??????
????????? 6.5 (a) ? (b) ???. ????????, ????????????
?????????, 7200??????????????. ? 6.5??????????
???????,?????????????????????????.
I(t) = I∞ + [I0 − I∞]e−kt (6.5)
4 ???????????????, 4.1.4???????.
60 ? 6? ????
k ????, I∞ ???????????, I0 ? t = 0 ?????????. ?????,
???????????????????? (8.5 K)???????? t = 0???. ?
?????????,????????? 5???????. ?????,? (6.5)???
?????????????,?????????? 1/σg ????????. ?????
?? k ??????? σe ????,? 6.5?????.
? 6.5: (a) ν3 ????, (b) ν4 ???????? Xe???????? CH4 ? R(0), Q(1), R(1)??
???????????. ??? I(t) = I∞ + [I0 − I∞]e−kt ?????????????.
? 6.5: 8.5 K?? Xe???????? CH4 ??????.
ν3 ν4
Assignment k (h−1) k (h−1)
Q(1) 1.78±0.11 1.77±0.19
R(0) 1.58±0.03 1.83±0.13
R(1) 1.54±0.17 1.38±0.17
????????? P(1)????????????????????????,???
????????????????.5 ?????, Xe???????? CH4 ?????
Q(1), R(0), R(1) ????????????????. ? 6.5 ??????, ν3 ??? ν4
????????????????????? 2σe ????????????. ????
?,??????????????? I = 1?? I = 2???????????? J = 1
?? J = 0??????????????????????????.
5 Nishiyama??????????, P(1), Q(1), R(0), R(1)??????????,??? 1.1 : 3.3 : 10 : 4.8
??? [14].
6.1 ??????????? CH4, CD4 ??????? 61
8.5 K????????, 5.1–11.5 K??????? Xe???????? CH4 ???
?????. ???,????????????????,??????????????
???????????. ν3 ??????, R(0)? R(1)?????? ([R(0)–R(1)]??)
?, [Q(1)–P (1)]????? [Q(1)–R(0)]?????????????, R(0)? R(1)??
??????????????????????. ???, ?????????????
??????????,?????????????. ν4 ??????,?? Xe?? CH4
???????????, hcp?????? R(0)????, fcc?????? R(0)???
???? 1 cm−1 ??????? [17].
???????, ν3 ??? Q(1)???, ν4 ??? Q(1)???? R(1)???????
??????????. ???????????????????????? 6.6???.
7.3.1???,????????????????????????.
? 6.6: Xe???????? CH4 ??????????????.
62 ? 6? ????
6.1.3 ????????
ν3 ??? ν4 ?????? Xe???????? CD4 ???????????? 6.7 (a)
? (b)???. ??? CD4 ??? 0.1mol%???,????? 5.0 K???. ?????
?? 65 K???. ?????, ν3 , ν4 ???????? 4????????????. ?
???????,??????????? CH4 ??????,????????????
???? CD4 ??????????,??????????, P(1), Q(1), R(0), R(1)??
??????????? (??????????????). ????????, ????
? Ar??? Kr???????? CD4 ??? [18, 73]????,? 6.6?????.6
? 6.7: (a) ν3 ????, (b) ν4 ???????? Xe???????? CD4 ??????????.
????? 5.0 K,???? 1.0 cm−1.
6 ? 6.6?? R(1)a ? R(1)b ?,??????????? J ′ = 2?M ?????????????,??
??????????? 0.3 cm−1 ???,??????? (1.0 cm−1)????????????.
6.1 ??????????? CH4, CD4 ??????? 63
? 6.6: ??????????? CD4 ????????????. ??? cm−1.
The present data Previous data
Xe matrix Ar Kr
Assignment ν3 ν4 ν4 a ν4 b
P(1) 2244.3 985.7 990.91 988.44
Q(1) 2247.9 988.6 993.10 990.78
R(0) 2251.0 991.0 995.32 993.16
R(1)b
2253.7 993.4
996.87 994.86
R(1)a 997.12 995.11
aCD4 ?? 0.02%,?? 5 K [18].
bCD4 ?? 0.02-0.05%,?? 5 K [18].
??????????? CH4 ???????,? (6.2)?? (6.3)?? ν4 ??????
?????????? B0 ? B1 ?????. ???, ζ4 = 0.355??? [42]. ??,∆B ?
CH4 ????????????. ???? B0 ? B1 ?? 6.7?????. 6.1.1????
?? CH4 ? B0 ??? B1 (3∼4 cm−1)?????, CD4 ??????????????.
???,????????? (?????1.674×10−27 kg)???? (3.344×10−27 kg)?
???????,???????? 2????????????.7 ? (6.4)??, ν3, ν4 ?
?????????????? (ν3: 2258.2 cm−1, ν4: 995.6 cm−1 [40]) ???????
????? ∆ν ?????. ????, CH4 ??????? ∆Bm = ∆Bg (≡ ∆B) ??
???. Q(1)g ???? ∆ν ?????? 6.8???.
? 6.7: ??????????? CD4 ???
????????????????????
???.
Matrix B0 (cm−1) B1 (cm−1)
Ar 1.7 1.6
Kr 1.8 1.8
Xe 1.8 1.8
? 6.8: ??????????? CD4 ???
∆ν/Q(1)g .
Matrix ν3 ν4
Ar -0.0012 -0.0025
Kr -0.0046 -0.0048
Xe — -0.0071
7 ??????????????????. ???? 2.1.2???????.
64 ? 6? ????
ν3 ??? ν4 ?????? Xe???????? CD4 ??????? (???)? 1950
?? (???)???????????? 6.8 (a)? (b)???. ν3, ν4 ???????, ?
???????, R(0) ?????????, P(1), Q(1), R(1) ??????????. ??
????? J = 1?? J = 0??????????????, 2.2.2?????????
?????????????, I = 1, 2, 3?? I = 0, 2, 4?????????????
????. ??? T ????,?????????? F ??????,??? A????
?????.
? 6.8: (a) ν3 ????, (b) ν4 ???????? Xe???????? CD4 ??????????
?????. ????? 5.0 K,???? 1.0 cm−1.
ν3 ?????? R(0) ??????????????? 6.9 ???. ? 6.9 ?? R(0)
??????, ??? 5 ?????????, ???, ??????????????
?. Xe ???????? CH4 ???????, ? (6.5) ??????????????
?, 5.0 K ?????????. R(0) ???????????????????????
k = 22.7± 3.2 h−1 ???. ??????, 5.1 K?? Xe???????? CH4 ????
?? k = 0.3± 0.1 h−1 ????? 75????. ????????,????? CD4 ??
??????????, D ???????????????, ????????????
??????????? [36]. ?????,???????, J = 0? J = 1??????
?? CH4 ???????????????, ???????????????????
???????????????????????. 5.0 K???, 5.3 K? 5.5 K???
??????????,????????????????????.8 ????????
? 6.9?????. ????????????????, 7.3.1?????.
8 ???????????? (12 mK)?????????????, ±0.06 K??????.
6.1 ??????????? CH4, CD4 ??????? 65
? 6.9: Xe???????? CD4 ? R(0)?????????????. ??? I(t) = I∞ + [I0 −
I∞]e−kt ?????????????.
? 6.9: Xe???????? CD4 ??????.
Temperature (K) k (h−1)
5.0 22.7±3.2
5.0 18.4±3.7
5.3 24.2±3.1
5.5 27.7±4.7
66 ? 6? ????
6.2 ?? CH4 ????????
6.2.1 ??????????????
?? CH4 ????????????,???????????????. ???, 5.3 K
??????????? CH4 ??????????????, ?????.9 ??, ??
??????????? 37 K????,???? 5?????. ???, 5.3 K?????
?. ???????? ν3 ??? ν4 ????????????????? 6.10 (a) ? (b)
???. ????????? (5.3 K),???????? (37 K),???????? (5.3 K)
?????????.
? 6.10: ?????? (?),? I (?),? II (?)????? CH4 ??????????. ?????
??? II? 5.3 K,? I? 37 K????????. ???? 0.5 cm−1.
?????? ν3, ν4 ???????, ????????????? (? 6.10 ????
?). ???, ???? CH4 ?????????????????? (????????)
??????????. ??????????? CH4 ???????????????
?????????, ????????, ?????????????????. ??, ν4
???????????????, ?????????????????????. 2906
cm−1 ??????????????,??????????? ν1 ??????????
???, ?????? CH4 ???????????????????????????
9 ????????????? 5×10−4 Pa???, 9??????. 5.4.3??????????,????
??? 1500 ML???.
6.2 ?? CH4 ???????? 67
????????? [74].10
37 K?????????, ν3, ν4 ??????? 3014 cm−1, 1305 cm−1 ??????
????????????? (? 6.10 ?????). ??????????????, ? I
?? CH4 ??????????????????????????. ?????? 5.3 K
?????????,????????????????? (? 6.10?????). ???,
?????????????????, ? II?????????????. 3007.9 cm−1
? 1297.5 cm−1 ??????? L ???????????????????????,
????? L0←0 ?????.11 ??,? 6.10????????? 3059.8 cm−1 ? 1346.7
cm−1 ???????,?????????????? n? 0?? 1?????????
??????, L1←0 ?????. ?????????? R???????? (P(1), Q(1),
R(0), ...) ??????????. L ?? R ???????????????, 7.1 ???
??.
10 ?? [74]??,?????????????????????????????????????.
11 3.2 ???????????????????????????????????, L ????????
?????????. ???, L?????????????? [4]????,????????????
????? cm−1 ??????,?????,????????????????.
68 ? 6? ????
6.2.2 ?????????? (?? A, 7 K??)
6.2.2.1 ? II???????????????
???? 2018? 4????????????, ?????????????????
?????????????????.12 ???,????? CH4 ?????? (5×10−4
Pa, 9??)??????????????, 30 K?????????.13 ? II?????
?????????????????, ??? 38 K ? 5?????????, ?? 25 K
???, ???, 5.2 K ?????. ????? 5 ???? 5.2±0.5 K ????, 30 ??
5.2±0.01 K ??????.14 ????????, ??????????????????
?????????.??????????????. ?????,????? 5.2 K??
?, 5.3??????? 1???????????????.
????, t = 0, t = 0.5 h, t = 5.3 h?? ν3 ??? ν4 ??????? II??????
?????? 6.11 (a)? (b)???. ???????, ν3, ν4 ?????????????
?, R????????? L????????????????,???????? 6.11
???. ???,??????, J = 2????????????? (P(2), Q(2), R(2))??
?????????????????. ??????????????????????,
????? CH4 ??????????????????????. ?????????
?????????, ???????????????????????????. ??
?,????????????????????????????,??????????
??????????????????????.15 ?????????, J = 2, I = 0?
??????????????????????,??? 5.2 K??????????. ?
???????????????, 7.4??????.
12 ?????? A?????.
13 5.4.3??????????,??????? 1500 ML???.
14 ????,?????? t = 0???.
15 ???????????????????? 11.3 K????.
6.2 ?? CH4 ???????? 69
303530303025
 0.05 
? 6.11: (a) ν3 ????, (b) ν4 ?????????? CH4 (? II)??????????. ????
? 5.2 K,???? 0.5 cm−1.
?? CH4 (? II) ????????????? [47] ????, ???????????
????????? CH4 ? 2??? Q(2)??????. Q(2)a ?,??????????
????? c???? (?????????????, 3.1???????), Q(1)????
?????? (0.1 cm−1 ??)?????. Q(2)b ?,??????????????? h
????, Q(1)? R(0)??????????. ??????????,????????
3012.4 cm−1 ????? Q(1) ??? Q(2)a ???????????, ??, Q(1) ? R(0)
?????????? 3018.3 cm−1 ????? Q(2)b ????????????. ??,
3034.6 cm−1 ? 1317.9 cm−1 ??????????????? R(2)??????. ??
????????????,??????????? J ′ = 3????????.
? 6.11 (a)??????,????????, ν3 ?????? R(0)?????????
???, Q(2)b ??? R(2) ??????????. ??, P(1) ??? R(1) ??????
t = 0.5 h?????,???,????.16 ??,? 6.11 (b)??????, ν4 ??????
??????????????, ν4 ????????????????????????
?????? ν3 ??????????????????????, ν3 ????????
??????????. ?????,??????????????? ν3 ???????.
16 Q(1)???? Q(2)a ???????????????,????????????????????.
70 ? 6? ????
6.2.2.2 ??????????
ν3 ???????????????????????????, ?????????.
R(0), Q(1), Q(2)b ??????????????? 6.12???. 6.1.2????? Xe??
?????????????, ???????? (6.5) ???????????????
?????????. ???,? (6.5)? 2?????????????????????
???????.17 CH4 ??? 3??????????????????, ??????
? CH4 ??????????????,???? (2????????????????
??)?????????????? [17,36,37]. ???????,?? CH4 (I = 0)??
??????????????????, ??, ??? CH4 (I = 1)??? CH4 (I = 2)
??????????????????? [36]. ??,????? Xe?????????
? 7 K???? II?? CH4 ??????????????, ????????????
??????????????????.18 ???, 7 K???? II (?? A)??, ???
????????. ? 6.12???????? R(0)????????????????,?
?????????????????. ??, R(1)?????????????????
????????????,? (6.5)?????????????????.
???,? (6.5)?????, 3????????????????????????,?
??????????????. ???????????????????, 7.4.1???
?. X(=R(0),R(1),Q(2)b)????????????????????????.
IX(t) = I∞X +A1Xe−k1t +A2Xe−k2t, (6.6)
I∞X , A1X , A2X ? X ???????????????. ?????, Nasu??????
??????????, R(0), R(1), Q(2)b ????????????????????. ?
???????? k1, k2 ??? 9???????? I∞X , A1X , A2X ?,???????
?????. k1 ? k2 ????????????? 6.13???. ????, 0.1≤ k1≤ 0.9,
1.0≤ k2≤ 3.0 ????????. ???, k1 ? k2 ????????? (h−1) ???.
k1= 0.48 h−1, k2= 2.3 h−1 ??, ????????? 9.48×10−4 cm−2 ???. ? 6.12
??????????, R(0), R(1), Q(2)b ???????????,? (6.6)??????
??????????. ??,????????????????? (6.5)???????
????????, k2 ? k1 ????? 5 ??????????????. ??????
?, 5.2 K??? II???????????????? 3??????????????
???????????.
17 ? (6.5)????, 3.4.2???????.
18 6.1.2???? 6.2.3???????.
6.2 ?? CH4 ???????? 71
? 6.12: R(0), R(1), Q(2)b ?????????????. ??????????, I(t) = I∞+Ae−kt
? IX(t) = I∞X +A1Xe−k1t +A2Xe−k2t ?????????????.
? 6.13: ? (6.6)?????????????????.
72 ? 6? ????
Yamakawa [75]????, 3??????????????????????? (6.6)?
??, 2???????.19 ????????????????, 7.4.2?????.
??? 5.2 K????????, 6.0 K, 6.5 K, 7.0 K??? II????????????
??,????????????????? 2?????????. ??????? k1, k2
?? 6.10???. ????????????????, 7.4.3??????.
? 6.10: 7 K???? II?? CH4 ?????? k1, k2.
Temperature (K) k1 (h−1) k2 (h−1)
5.2 0.48 2.3
6.0 1.1 4.1
6.5 2.3 5.1
7.0 3.4 15.3
19 ???????????, 7.4.1???????.
6.2 ?? CH4 ???????? 73
6.2.3 ?????????? (?? B, 7 K??)
6.2.3.1 ? II???????????????
???? 2016? 2??????????????, ???????????????
??????????????????.20 ????,????????????,???
10????????. 7.0 K?? ν3 ??? ν4 ??????? II??????? (???)
? 6000?? (???)???????????? 6.14 (a)? (b)???.21 ???????
?, R(0)???????????, P(1)??? R(1)????????????.
? 6.14: (a) ν3 ????, (b) ν4 ??????? CH4 (? II )???????????????. ??
??? 7.0 K,???? 0.5 cm−1.
6.2.3.2 ??????????
???????????????????, ?????????????????. ?
????, 7.0 K?? ν3 ?????? R(0)??? R(1)???????????????
? 6.15???. ?????????????????? (6.5)????????????,
????????. ?????????????????????? 6.11?????.
???????? σg ??????,? 6.11??????????? 5???????.
????????, P(1), R(0), R(1) ????????????????????, ???
???????????. ?????, ??????????????????????
???? CH4 ??? CH4 ????????????????. 7.4.3???,?? A??
7 K???? II??????????? (6.2.2???????)????????.
20 ?????? B?????.
21 ????,?????, 7.0 K????????? t = 0???.
74 ? 6? ????
? 6.15: R(0) ??? R(1) ?????????????. ??? I(t) = I∞ + [I0 − I∞]e−kt ?
????????????.
? 6.11: 7.0 K??? II? P(1), R(0), R(1)???????????????????. ?????
??,?????????????????????????.
ν3 ν4
Assignment k (h−1) k (h−1)
P(1) 2.41±0.45 2.33±0.16
R(0) 3.24±0.19 2.51±0.13
R(1) 2.92±0.21 2.02±0.08
?? B?? 6.9–10.3 K???????,????????????????. ????
? R(0)??? R(1)?????????????????????????,?????
???????????. ??????? P(1)????,??????????????
???????,??????????????. R(0)?????? R(1)???????
?????????????????, J = 0? J = 1???????????????
?. ? (6.5)??????????????? J = 0? J = 1?????? 6.16???.
6.2 ?? CH4 ???????? 75
? 6.16: 6.9–10.3 K??? II?? R???????????????.
76 ? 6? ????
6.3 ?? CH4 ????????????????
6.3.1 ??????????????????
????? (1100–4700 cm−1)???? 5.3 K??? II???????????? 6.17
???. ??,???????? 5500–6100 cm−1 ???????????. ??????
???????, 5.3 K?????????? VLV1??????????? 8??,??
(T = 293 K)??? CH4 ????,???, 38 K?????????????. ????
???????????? 2 × 10−3 Pa????. 5.4.3??????????,????
??? 9000 ML???????????.22 ????,???????????????
? (1500 ML)? 6???????????. ??????????, ν3 ??? ν4 ???
?????????,??????????????????????????????
?????. ???????????????,???????,? II?? R??????
??? L????????????????. ???, 2906 cm−1 ????????? ν1
?????????????. ???,?????????????????,?????
???????????????????.
? 6.17: ?????????? II??????????. ?????, ν3+2ν4, ν2+ν3+ν4, 2ν3 ??
????????????. ????? 5.3 K,???? 1.0 cm−1.
22 ?????????????? V = 2.7× 10−4 m3,∆P = 3.6× 103 Pa, r = 5.5× 10−2 m???.
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6.3.2 ??????????????
(a) 2ν4, (b) ν2+ν4, (c) 3ν4, (d) ν2+2ν4, (e) ν1+ν4, (f) ν3+ν4, (g) ν2+ν3, (h) ν3+2ν4 ??
???????????????????? 6.18???. ??????????,???
? 187 ????????????. ? 6.18 ??????, ?????????????.
??, ν3 ??? ν4 ???????,???????????????????????.23
????????????????????????,???????????????
????. ??????????, ν3 ???? ν4 ?????????????????
(ν2+ν4, ν1+ν4, ν2+ν3)?????????????????.24 ????? ν2+ν4 ???
?,????????????????? 2824 cm−1 ????? R(0)??,??,???
?????? 2805 cm−1 ????? P(1)???. ?????????????????
???????????,? 7.3???? 7.5?????.
(?????)
23 7.4.4???, ν2+ν4 ?????????????????????????,????????????
??????.
24 ??? ν3 ??? ν4 ???????????????????????,??????????????
??. ????, 2.3???????.
78 ? 6? ????
? 6.18: (a) ν2+ν4, (b) ν2+2ν4, (c) ν1+ν4, (d) ν3+ν4, (e) ν2+ν3, (f) ν3+2ν4 ??????? II???
????????????. ????? 5.3 K,???? 1.0 cm−1.
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6.3.3 ???????????????
5.3 K, 8.0 K, 10.0 K, 22.0 K, 5.3 K(re-cooling)??????????????????
??????? 6.19???.25 ????????????, ?????????????
?? 1/k ???? 2??????????, ????, ???????????????
?????????????. 5.3–10.0 K???????,????????,?????
??????????????, ??????????????.26 ????? ν2+ν4 ?
???, 5.3 K, 8.0 K, 10.0 K???, R(0)?????????,??, P(1)???????
???. ???, J = 0 ? J = 1 ????????????????????????
?.27 ??????????????????????????,? 7.3???? 7.5??
???.
22.0 K?????????????????,??????????????????
?. ?????,? II??? I??????????. ??, re-cooling?????????
?? (5.3 K)? 1??????????????????. ????????????,?
?????????????????????????????????????.
(?????)
25 5.3 K?????????????,??????? 7.0 K????,?? 5.3K???????????
?? re-cooling?????.
26 ?????????,?????????????,????????????????????.
27 ????, 7.1.2???????.
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(c) 3v4 (d) v2+2v4
? 6.19: (a) 2ν4, (b) ν2+ν4, (c) ν1+ν4, (d) ν3+ν4, (e) ν2+ν3 ??????? II??????????
??????. ???? 1.0 cm−1.
81
? 7?
??
7.1 ??????
????????????????????,??????????????????
?????. ?????????????????????????,?????????
???????????????????????. ??, ?????????????
???????????????????,??????,??????????????
???. ?? CH4 ??????????????, ????????, ????????
?????????? [5, 76–78]. ??,?????,?????????????,? II?
??????????????????????????????. ???????,??
?????????????????????,??????????. ????,???
??????????????????????????.
7.1.1 ?? CH4 ??????
5.2 K?? ν3 ??? ν4 ???????? R ????????? L????????
?????????????????? 7.1????? (????????? 6.11???
???). ? 7.1??, Q(1)???? L0←0 ?????????????????????
?. ???????, ????????????????????? Kobashi?????
?? [47]???.
?????,??? 25 K?? 5.2 K???????????,???????????
????????????? (6.2.2???????). ???????????? (???
?? 5.2 K) ???????????????????????? 6.11 ???. 5.2 K ?
25 K??????? a ∼ g ?????? ni (i = a, b, c, d, e, f, g)???? 7.2????
82 ? 7? ??
? 7.1: ν3 ??? ν4 ?????????? CH4 (? II )???????????, Q(1) / L0←0 ??
? (R?/ L?)?????????. ??? cm−1.
The present result Theory [47] Previous result [5]
Assignment Wavenumber X −Q(1), L0←0 X −Q(1), L0←0 Assignment Wavenumber
(P(2)) 3000.7 -11.6 -12.0 P(2)a 2999.4
P(1) 3004.1 -8.2 -8.6 P(1) 3004.0
Q(1), Q(2)a 3012.3 0 0, -0.1 Q(1) 3011.0
Q(2)b 3018.1 5.8 7.7
R(0) 3021.3 9.0 8.5 R(0) 3020.3
R(1) 3026.7 14.5 12.8 R(1) 3026.4
R(2) 3034.6 22.3
3040.1
L0←0 3007.9 0 0 L0←0 3008.5
L1←0 3059.8 51.8 48.5 L1←0 3055.0
The present result Theory [47] Previous result [5]
Assignment Wavenumber X −Q(1), L0←0 X −Q(1), L0←0 Assignment Wavenumber
P(2)a 1286.0
P(1) 1289.3
Q(2)a 1290.1
P(1) 1292.8 -4.7 -4.9 Q(1) 1292.9
P(2) 1294.2 -3.3 -4.7 1294.1
Q(1), Q(2) 1297.5 0 0, -0.2 R(0) 1296.9
1298.7
1300.0
R(0) 1301.0 3.5 5.0 R(1) 1301.3b
1302.1
R(0) 1303.4 5.9 5.0 1303.0
1304.4
Q(2) 1306.1 8.5 9.4 1305.0
R(1) 1307.3 9.8 9.9 Q(2)a 1307.0
1308.2
Q(2) 1317.9 20.4 16.0
L0←0 1297.5 0 0 L0←0 1301.3
L1←0 1346.7 49.2 49.7 L1←0 1348.0
aAssigned by Kobashi et al. [47].
bHidden under the L0←0 peak.
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?.1 ???, a, b, c, d, e, f, g ???????, R ??????????? J = 0, J = 1,
J = 2 (I = 0), J = 2 (I = 1), J = 2 (I = 1), J = 3 (I = 1), J = 3 (I = 2)??????
? (??????????? 3.2???????). O ???????????, c??? d
???????? f ??? g ???????????,???????????????
????.
? 7.2: ?????????????? a ∼ g ????? (%).
na nb nc nd ne nf ng
T (K) J=0 J=1 J=2 (I=0) J=2 (I=1) J=2 (I=1) J=3 (I=1) J=3 (I=2)
5.2 86 13 0.28 0.28 0.048 0.00039 0.0020
25 29 32 10 10 9.8 1.5 7.5
?????????????????????????????????,?????
??????????????? J = 0?????????????,????????
???? J = 2??????????????.2 ??, J = 1??????????,?
?????????????????. ??,????? ν3 ?????????? 3??
?????????????? (? 6.12 ??????). 1 ???????, 2 ?????
??, 3?????????????????????. ??, ν4 ?????????? 15
cm−1 ??????????????????,????????????????. ??
??, ν4 ??????????????????, ???????????????. ?
????, ???????????????? 3021.3 cm−1, 1301.0 cm−1, 1303.4 cm−1
????? R(0) ???????, ???????? 3018.1 cm−1, 1306.1 cm−1, 1217.9
cm−1 ????? Q(2), 3034.6 cm−1 ????? R(2) ???.3 ??, ????????
???????????????? 3004.1 cm−1, 1292.8 cm−1 ????? P(1), 3026.7
cm−1, 1307.3 cm−1 ????? R(1)???.3 ???, ν4 ?????? 2?? R(0)???
? 2.4 cm−1 ???????,??? R???????M ??????????????
?????.4 ??, ν3 ???? R(0)???? 1???????????. ν3 ?????
?????????? ν4 ????????? 2??????????,?? 1?? R(0)
???? 3021.3 cm−1 ??????????????????. Q(1) ????????
????????????????????????????, Q(2)???? L0←0 ??
1 ?????????,??????? Boltzmann??????????.
2 J=3 (I=1) ???????????????. ??, J=3 (I=2) ?? J=0 (I=2) ???????????
???????????. ????,???? J=3??????????.
3 Q(2)? R(2)????????? P(1)? R(1)???????,??????????????????.
4 ???????????, 7.5?????.
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???????????. ???, ????????????????????????
?????????. ???,??,?????????????????????.
???????? P(1), Q(1), R(0), R(1), R(2) ????, ∆B(= B0 − B1) = 0 ???
????, ???????? 2B0(1 − ζi) ?????????. ν3 ??? ν4 ?????
????????????, ν3 ???? ν4 ???????????? ζ3 ? ζ4 ????
????.5 ???,???????????????????????????????,
???????????????. ???,????? O ??????????????
????????????? [47]????, R?????????????. ??, L0←0
???????????????????????????, L0←0 ???? R?? Q(1)
????????????????????.6 ??, Yamamoto??,???????,?
????????????????????? ∼50 cm−1 ???????????? [4].
???, L0←0 ???????? 50 cm−1 ?????????????????????
L?? L1←0 ???. ?????, ν3 ??? ν4 ???????????????????
???? (? 7.1??????).7
Chapados?? 9 K??? II??????????????, ν3 ??? ν4 ??????
????????????? [5]. ????????? 7.1?,????????????
??? 7.1???. ??????????????????,?????????????
???. ???, ?????????????. ?????????? (? 7.1) ????,
????????? (? 6.11)??, ν3, ν4 ?????????????????????
????. ????????????????????. ν3 ??????, ??????
3008.5 cm−1 ???????????? 3011 cm−1 ?????,???????????
??. ν4 ??????, ?????? 1303.0 cm−1, 1305.0 cm−1, 1307.0 cm−1 ????
? 1301.3 cm−1 ??????????????,??????????????????
??????????. ???, ?????????????????????? 3018.1
cm−1 (Q(2)b), 3034.6 cm−1 (R(2)), 1317.9 cm−1 (Q(2))?????, ?????????
?????. ??????????????, ???????????????????
???????????????. ?????, ? II????????????????
?????????????. ????????????????????,?? D??
??.
??,??????????????. ? 7.1??????, ν3 ????,??????
5 ????????????????????????, ζ3 = 0.05583, ζ4 = 0.46418??? [71].
6 2????????????,??? 2???????????. ????,??????????? R?
??????????????? (2.3???????). 2???, L?????????, 2 cm−1 ???
4????????????? (3.2???????).
7 ???, ν3 ??? P(2)????,???????????????????????????????.
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? 7.1: 29 K??? I (?)??? 9 K??? II (?)?????????? [5]. ????≤0.8 cm−1.
???????????????????. ??, ν4 ????, R???????????
?????. ?????,????????????????????. ????????
???????????????????????????, Chapados????????
??????????????????????? [5]. ???,???????????
?????????????????????????,???????? 1296.9 cm−1
? 1301.3 cm−1 ?????????, R(0) ? L0←0 ???. ???, ?????????
???????????, ????????, (1296.9 cm−1 ?????) 1297.5 cm−1 ?
???????????, (1301.3 cm−1 ?????) 1301.0 cm−1 ??????????
????. ??????????????, ????????????????????
???. ??, L0←0 ???? Q(1)?????????????????????,???
?????? 8.4 cm−1 ??????. ????????, Chapados?????????
???????????. ???,?????,???????????????????
????????????????????????????.8 ?????,?????
?????????????????????????????????. ??????
?, Chapados?? ν4 ?????????????, P(1)? 1294.1 cm−1, Q(1)? L0←0 ?
1296.9 cm−1, R(0)? 1301.3 cm−1, R(1)? 1307 cm−1 ???????.
8 ????????????????,?? D??????.
86 ? 7? ??
7.1.2 ?? CH4 ?????????
2.3????????,??????????????????????????? 3?
???????????. ν3 ???? ν4 ???????????????????,??
??? 3???????????,????????????????????????
??. ????,??, P(1), Q(1), R(0), R(1)???????? 1???????.9 ???
????????????????, ν2+ν4, ν1+ν4, ν2+ν3 ????????. ? 6.18??
6.19???????????????????????????? 7.3?????.
? 7.3: ?? CH4 (? II )?????????????? (ν2 + ν4, ν1 + ν4, ν2 + ν3)???????
???,??,???????????????.
The present data Previous datab
Mode Wavenumbera (cm−1) Assignment Time-dep. Temp.-dep. Wavenumbera (cm−1) Assignment
ν2+ν4 — 2794 w P(1)
2805 w, sh P(1) ↘ ↗ 2805 sh Q(1)
2815 s Q(1), L0←0 ↘ 2814.5 s L0←0
— 2816.5 sh R(0)
2824 m R(0) ↗ ↘ 2824 m R(1)
2831 sh 2831 sh Q(1)+S0(0)
2864 br L1←0 2864 br L1←0
ν1+ν4 4193 vw, br —
4202 s Q(1), L0←0 ↘ 4203 (4201)c L-speciesc
4206 m R(0) ↗ ↘ —
4208 sh ↘ —
ν2+ν3 4527 s Q(1), L0←0 ↘ 4527 (4527)c L-speciesc
4537 m R(0) ↗ ↘ 4536
4561 vw, br —
4576 vw, br L1←0 —
as= strong, m=medium, w=weak, vw= very weak, sh= shoulder, br= broad.
bBaciocco et al. [76, 77].
cCalvani et al. [78].
9 ?????,??????????????????????????, P(1), Q(1), R(0), R(1)?????
??? 2????????????.
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??????????, ????????????????????????. ? 6.18
???????? (ν2+ν4, ν1+ν4, ν2+ν3)?,????????????????????
? 1???????. ??????????,?????????? R(0)???????
???????. ??, ??????????????? 1????? 2???????
?,??????????????????????????????????????
?????. ?????????????,??? J = 2??????,??? J = 1?
?????????. ???, 5.3 K???????????????? (? 7.4????
??), J = 2??????????? J = 1???????????????????
?. ????,???????????? J = 1???????????????.10 ??
??, 2824 cm−1, 4206 cm−1, 4537 cm−1 ????? R(0)???????, 2805 cm−1 ?
???? P(1)???. Q(1)???????, R(0)???????????????. ??,
L0←0 ???? L1←0 ????????,???????,?????????????.
?????????????,???????????????,??????????
???. ??????????. 5.3 K, 8.0 K, 10.0 K??????????? a ∼ g ??
????? 7.4????? (??????????? 3.2???????). 5.3–10.0 K?
???????????????????, a ?? (J = 0) ? b ?? (J = 1) ???. ?
6.19 ??????, ????????, R(0) ??????????, P(1) ???????
????. ?????, ? 7.4?????????????????????. ???, ?
???????,????????????????????????????????
??????.
? 7.4: ?????????????? a ∼ g ????? (%).
na nb nc nd ne nf ng
T (K) J=0 J=1 J=2 (I=0) J=2 (I=1) J=2 (I=1) J=3 (I=1) J=3 (I=2)
5.3 85 14 0.31 0.31 0.056 0.00049 0.0024
8.0 70 26 1.8 1.8 0.66 0.020 0.10
10.0 61 31 3.3 3.3 1.6 0.079 0.40
Baciocco?? Calvani?? ∼13 K??? II??????????????,?????
???????????????????? [76–78]. ???????????????
????? 7.3???? 7.5???. ??,????????????????. ????
??????, 2ν4, ν2+ν4, ν3+ν4 ????, ???????????????, ????
10 ??????????????????? 1????????, J = 2???????????????
??.
88 ? 7? ??
????????. ??, 3ν4, ν2+2ν4, ν1+ν4, ν2+ν3, ν3+2ν4, 2ν3 ????,??????
????????????????????. ??, ??????????????. ?
7.3 ??, ????? ν2+ν4 ?????????????, R ????????????
???????????. Baciocco??,?????????????????????
??????,??????????????????????. ???,???????
????????????,???????????????????????????
???????. ???, 2824 cm−1 ??????????, ????????????
????????, ??, ????????????. ????????????, J = 0
?????, ????, R(0)???????????, ???????????? R(1)?
???????????. ???, ????????????????, ???????
??????????????. ???,?????? 2831 cm−1 ??????????
Q(1)+S0(0)??????????. ???, Q(1)+S0(0)?,?????? Q(1)?????
??????????? S0(0)??????????????????. ???,? II??
? R ???????????????????, ?????????????????.
??,?????????????????????????. ?????, ν2+ν4 ???
??? R?????????????,??????????????????????
????????????????. ??, ν1+ν4 ??? ν2+ν3 ???????????
??????????????,??????????.
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? 7.5: ?? CH4 (? II )?????????????? ν3 ??? ν4 ?????????????
???????????,??,???????????????.
The present data Previous datab
Mode Wavenumbera (cm−1) Time-dep. Temp.-dep. Wavenumbera (cm−1) Assignment
2ν4 2578 w 2578 w P(1)
2587 w ↘ ↗ 2588 sh Q(1)
2592 s ↗ ↘ 2591.5 s L0←0
2594 m ↘ 2594.0 sh R(0)
2597 br 2599 sh R(1)
2610 vw —
2614 m ↗ ↘ 2614 m Q(1)+S0(0)
2618 sh ↘ —
2643 br 2641 br L1←0
3ν4 3843 w ↘ —
3846 sh ↘ —
3848 s ↗ ↘ 3847
3850 sh ↘ —
3891 m 3892
ν2+2ν4 4113 m 4113 m
4120 m ↗ —
ν3+ν4 4283 w ↗ 4283 w P(1)
4300 s ↘ 4300±4 s Q(1), R(0), L0←0
4307 w ↘ —
4314 m ↗ ↘ 4314 m R(1)
4323 sh, br ↗ 4324 m, br Q(1)+S0(0)
4328 w ↘ ↗ —
4349 br ↘ ↗ 4348 br L1←0
ν3+2ν4 5565 s 5563 s
5573 m ↗ —
5586 w 5585 s
5595 m 5594.5 m
ν2+ν3+ν4 5799 m 5801 s
2ν3 5986 m 5987 s
5990 sh —
6000 w —
as= strong, m=medium, w=weak, vw= very weak, sh= shoulder, br= broad.
bReferences [76–78].
90 ? 7? ??
7.2 ????? CH4 ??????
7.2.1 ?????????
Volkenstein [79] ? Buckingham [80] ?, ????????? (2 ???????) ??
??????????????????. ??????????,????????? ∆ν
?,?????????????????????????? Ugm ?????. ??, Ugm
?,????????????????.
∆ν ∝ Ugm ≈
√
UggUmm (7.1)
Ugg ?????????????, Umm ?????????????????. Kihara?
???, ?? Umm ???????? Tc ????????? [81]. ????, ?????
∆ν ???????? Tc ??????????????????? [66, 82]. ??, ??
∆ν ? Tc ????,??????????? OH????????? [83], CO2 ?? [84],
?????? [66, 85]????????????????. ?????,????????
CH4 ????? CD4 ??????????, Tc ???? ∆ν ???????.
? 6.4?? 6.8??????????????? CH4 ??? CD4 ? ∆ν ? Q(1)g ?
?????? ∆ν/Q(1)g ?, ???????????????
√
Tc ????? 7.2 ??
?. ???, ?? Ar, Kr, Xe ?
√
Tc ?????, 13.07 K1/2, 14.51 K1/2, 17.00 K1/2 ??
? [83]. ? 7.2??, ∆ν/Q(1)g ?????
√
Tc ?????????. ???, 2????
??????? CH4 ????? CD4 ???????????????????. ??,
?????????∆ν/Q(1)g ??? CH4 ? CD4 ???????????????. ?
????????, CH4 ? CD4 ???????????,??????????????
?????????????????,??????????????.
Friedmann??, Lennard-Jones?????????????????????????
????????,??????????,???????????? (red-shift)????
????? (blue-shift)????????????? [86]. ???, 6.1.1????????
???????????? CH4 ??? vdW????????,???????????
?????????? Xe???????????. ????, Ar??? Kr??????
?? CH4 ??? CD4 ???,??????????????????????????
???. ??,? 7.2??????,?? Xe?? ν3, ν4 ??????? red-shift????
????,?? Ar?? ν3 ?????? blue-shift????.
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? 7.2: Ar, Kr, Xe???????? CH4 ????? CD4 ???∆ν/Q(1)g ?
√
Tc ???. ??
?, CH4 ? ν3 ??? ν4 ??????∆ν/Q(1)g ?????????????.
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7.2.2 CH4 ?????
CH4 ?????????????????????. ???????,???????
????????? CH4 ??? fcc???????????????. CH4 ?????
????????????,?????????11????????????????. ?
??????????????? 6??????,????????? 8???????.
??????????? r ????,????????????????????? r−6
??????. ??, CH4 ????????????????????????, CH4 ?
????????????????.12 ??????????????????????
?? 7 ???????. ???, ???????? CH4 ??????????????
??, CH4 ?? 0.03mol%? Ar???????? CH4 ????? Ar?? 14????
?????????. ???, CH4 ?? 0.08mol%? Kr???????? Kr?? 10?
?, CH4 ?? 0.05mol% ? Xe ???????? Xe ?? 12 ???????. ?? CH4
????? Kr?????????, CH4 ?????????????????????
(11r)−7 ??????. ???, ?????????????????????? 7 ??
????,????????. Ar??? Xe????????????????. ????
?,?????????? CH4 ???????,??????????????????
????????????.
11 ????????????????????. ????????????, ?????????????
?????????.
12 CH4 ??????????? CH4 ???????????,???????????.
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7.3 Xe???????? CH4, CD4 ???????
7.3.1 ?????????
6.1.2????????? 5.1–11.5 K?? Xe???????? CH4 ???????,
? 7.3???. ????????,????? CH4 ?????????????????,
??????????????? [27, 34, 36].
k = A1 (1 + 2p (δ)) +A2 exp
(
−∆
T
)
. (7.2)
? (7.2)?????????????,????? Orbach??????.13 ??????, 1
?????????????????????????????. ??, Orbach????,
1???????????????????????????? CH4 ???,?? 1??
???????????????????. 3.4.2 ????????, δ ???? (J = 1)
???? (J = 0)???????????, ∆???? (J = 1)??????? CH4 ?
?????????????????????????.
?????, ? (7.2) ??????????????????????????. δ ?
??, ???????????????? 12.8 K ?????.14 ??????????,
A1 = 0.56± 0.08 h−1, A2 = 320± 180 h−1, ∆ = 50± 6 K???. ? 7.3??????,
? (7.2)???????????????. Xe???????? CH4 ????????
???, ???? [14, 15], ???????? (INS: Inelastic neutron scattering) ?? [16],
????? (FIR: Far-infrared spectroscopy)?? [10]??????????. ?????
??????????? Xe???????? CH4 ????????????????
?? 7.6?????. ???????????????? δ = 12.8 K?,???????
INS?????????????. ?????, δ ?????????????????.
13 ??????, 3.4.2???????.
14 ???? J = 0,???? J = 1?????, δ ??? 2????????????? 2B0 ?????.
8.5 K ?? Xe ???????? CH4 ??? ν3 ??????????? B0 = 4.45 cm−1 ????,
δ = 12.8 K???. 1 cm−1=1.438777 K??????? [68].
94 ? 7? ??
? 7.3: Xe ???????? CH4 ????????????????. ????, k =
A1 (1 + 2n (δ)) + A2 exp
(−∆T ) ???????????, ????????????, kone =
A1 (1 + 2n (δ))? korbach = A2 exp
(−∆T )?????????????.
? 7.6: ???? [14, 15], INS ?? [16], FIR ?? [10], ?????? (???) ????? Xe ??
?????? CH4 ????????????. ??? K.
Calc.a Calc.b INS FIR This Work
J=1 (I=1)? J=0 13.5 13.2 13.1 — 12.8
J=2 (I=0, 1)? J=1 20.0 19.1 19.1 —
J=2 (I=1)? J=1 30.7 30.1 — —
J=2 (I=0)? J=1 50.7 52.7 — —
J=3 (I=1, 2)? J=1 52.4 50.1 — 55.0c
J=3 (I=1)? J=1 72.9 70.9 — 77.0
aCalculated by Nishiyama et al. [14].
bCalculated by Smith [15].
cObtained by subtracting the calculated energy of J=1?J=0, 13.5 K, from the energy of
J=3 (I=1, 2) ? J=0, 68.5 K.
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6.1.3????????? 5.0–5.5 K?? Xe???????? CD4 ???????,?
7.4???. ? 7.4??, Miyamoto???????? H2 ???????? CD4 ????
???????????????????? [36]. ??????, δ = 5.3 K????,?
(7.2)??????????????????????. Xe???????? CD4 ???
????,?? H2 ?????????????,???????????. ??????
????????? CD4 ?????????,?????????? J = 2? J = 3?
????????? [18]?,????????????? CH4 ???????????
?????.
? 7.4: Xe??????? (???)????? H2 ??????? (??)? CD4 ???????
?????????. ????, k = A1 (1 + 2n (δ)) + A2 exp
(−∆T )?????????? (??
H2 ???????? CD4 ??????)??? [36].
96 ? 7? ??
7.3.2 ???????????????
7.3.1 ??????????????????????? A1 (1 + 2p (δ)) ???
A2 exp(−∆/T ) ????, ????? Orbach ?????????????????
?, ??????????? 7.3 ???. ? 7.3 ??, ??? 8.5 K ???????, ??
???? Orbach???????????????. ???,?????????????
????????????????????????? [36]. ?????? Orbach??
????, 1 ???????????? 1 ?????????? “???"???, ???
??????????????? Raman??????.15 Orbach??????????
??????????????, Raman ??????????????????? [55].
???,?? Raman???,??????????????? ∆????????? TD
?????????????????. ? (7.2)???????????????? ∆?
50±6 K???,?? Xe?????? TD =64.0 K [87]?????. ????, 7.3.1??
??????, Orbach??????????????????????.
???????, Orbach ??????????????????????????
?. ? 7.6 ????????????, ???????? ∆ ???????????
?, J = 2 (I = 0) ? J = 3 (I = 1, 2) ???. ?????????????????,
5.1–11.5 K???????, J = 1??????? J = 3??? J = 2????????
??. ???, J = 2 (I = 0)??????????, I = 1?? I = 2????????
????,????????? I = 0???????????. ??, J = 3 (I = 1, 2)?
?????????,?????????????????,?????????????
??. ???????????????????????????, ?????????
??????????????. ???, Xe????????? I = 1?? I = 2???
??????,?????? J = 3 (I = 1, 2)?????????????.16
15 ? 3.4??????.
16 7.5???????,??????????????????????????????????. ???,
?????????????,???????∆??? (± 5 K)?????????????,????
???????????????????????.
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7.4 ?? CH4 ????????
7.4.1 ????????????
Yamakawa [75]????, 3?????????????????????,?????
??????. ????, R?????????????? O ?????, c??? d??
?????? g??? f ????????????????.17 ????,???????
?,? II?? CH4 ??? 4??????????????????.18 ?? 4?????,
a, b, c, d????? (? 7.7??????). ??? i(=a,b,c,d)?????? ni ???. 7
K???????????,???????????????????????????
???????,???? n? 4??????????. ????,
n ≡ na + nb + nc + nd = const. (7.3)
???. ???, i???? j ????????? wij(>0)???. wij ????????
??,??????????????,???????????????????????
?? [24]. ??????????????????.
dna
dt
= −(wab + wac + wad)na + wbanb + wcanc + wdand, (7.4)
dnb
dt
= wabna − (wba + wbc + wbd)nb + wcbnc + wdbnd, (7.5)
dnc
dt
= wacna + wbcnb − (wca + wcb + wcd)nc + wdcnd, (7.6)
dnd
dt
= wadna + wbdnb + wcdnc − (wda + wdb + wdc)nd. (7.7)
??????????? b? d??????? CH4 ???????????, nb ???
? nd ??? r ???????????????. ???????,??????????
?????????????. ? (7.3)? nd = rnb ?????, ?????????? 4
?? 2??????????.
dna
dt
=Wan− (wab + wac + wad +Wa)na + (wba −Wa)nc, (7.8)
dnc
dt
=Wcn+ (wac −Wc)na − (wca + wcb + wcd +Wc)nc. (7.9)
17 ?????, 7.5????????.
18 ????, 4?????????????,?? n???????????????.
98 ? 7? ??
???,
Wa =
wba + rwda
1 + r
, (7.10)
Wc =
wbc + rwdc
1 + r
(7.11)
???.
2??? 1?????????,? (7.8)?? (7.9),??????????, D>0, D=0,
D<0???? 3???????. ???, D? 2????????????? 2× 2??
?????????????. D>0???,?????????????.
Ni(t) = C0i + C1ie
−k1t + C2ie−k2t. (7.12)
k1 ? k2 ???? (k1 < k2), C0i, C1i, C2i ??????????,?? i = m, o, p???
??,???,????,??????????. ????, D=0???,
Ni(t) = C
′
0i + C
′
1ie
−kt + C ′2ite
−kt (7.13)
???, D<0???,
Ni(t) = C
′′
0i + (C
′′
1i cosβt+ C
′′
2i sinβt)e
−αt (7.14)
???.
??? 4 ???????????, ??????????????????????
?. n???????????? n????????. ???, n??????,????
??????????????????????????.19 ??, ????????, ?
????????????????. ???????????, n??????????,
?? 2????????????????????. ????,?????? (7.12)–??
(7.14)????????????. 7.5????? O ????????????? b??
? e???????????????,?????????,?? (7.12)–?? (7.14)??
?????????,????????????????.
19 ?????,????????????????????????? [24].
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7.4.2 ?? (7.13)??? (7.14)??????????
6.2.2 ???, ?? (7.12) ????????????????????, ????, ??
?????? (7.13)??? (7.14)?????????????. ?? (7.13)?????,
?? (7.12)???????, ??????????????????????. ????
?, k= 1.3 h−1 ?????????, ??? 3.86×10−3 cm−2 ????. ????, ??
(7.12) ?????????????????????? 9.48×10−4 cm−2 ???? 4 ?
???, R(0), R(1), Q(2)b ???????????? (7.12)?????. ??,?? (7.14)
????????????,????? 6.11????????????. ?????, 3?
????,?? (7.12)? 3????????????????????????????
???.
7.4.3 ??????????????????
5.2 K?? 2????? (k1, k2) = (0.48 h−1, 2.3 h−1)?,????????????.
????????, ?????????????????????? 5 K ??????
∼2 h−1 ??? [26]. ????, ???????? 5.2 K?? k1 ? k2 ????????.
??, Cacciani??,???????????? 4 K??????????? CH4 ???
???????????, 2???????, ???????? 9×105 h−1 ??????
? [39]. ????,??????????? k2 = 2.3 h−1 ???? 4∼5??????. ?
????,???????????????????????????????????
????????????. ?????, ???? 3????????????????
????????????????,?????????????????????.??
?,????? CH4 ?????????????????????,?????????
????????????????.
? 6.10???? 7 K??????? k1, k2 ????????????????? 7.5
???. ? 7.5??,????????????????????? 7 K??????? k
??????. ? 7.5??, k1 ? k2 ????,???????????,?????? k1
?? k2 ????????????.
?????, ? II?????????, ?? A ??? B ? 2 ???????????
?.20 ???????, ??????????, ???? (??????) ???????
?????. ?? A??????????????????,?? B?????????
????????????. ??,????????????????,?? A?? 2??
20 ?? A? 6.2.2??,?? B? 6.2.3???????.
100 ? 7? ??
????????????????, ?? B ?? 1 ????????????????.
7.0 K??,?? A????? k1 = 3.4 h−1 ?,?? B????? k =3.24± 0.19 h−1 ?
????????????. ??, k ? k1 ????????. ?? A ??, ??????
??????????????? 7.0 K?????????? 10??????,?? 10
???????, 7.0 K?? k2 = 15.3 h−1 ???????? 3.9??????????.
??,???????? P(1), R(0), R(1)??????????????,???????
? (6.5)???????????. ?? 2??????,?? B?? k2 ????????,
????????????? (t = 0??)?????????????????. ???
??, ???? 7.0 K ? k1 ? k ???????????????????. ?????,
? 7.5???? 7 K???? k ?, k1 ?????????????????. ??,? 7.5
??????,??????? k1 ??????, k??????????,???????
???????????????.
? 7.5: ? II???????????????. k1(???)? k2(???)??? A???????
?, k(??)??? B????? J = 0??????????????. ???, k1 ? k2 ????
??????????.
7.4 ?? CH4 ???????? 101
7.4.4 ???????????????????
????,?????????????????????????????,?????
?????????. ?????????????, CH4 ??????????????
????????????,?????????????,??????????????
???.21 ?????, ????, ?????????????????????????
???????.
ν2+ν4 ?????? 5.2 K??? II???????????? 7.6 (a)???. 6.3.2?
?????????????, R????????? L???????????????
??????. ???,?????????????? R(0)?????????????
?????, ?????????. ????? R(0)?????????? 7.6 (b) ???.
??,??????????,? (6.6)???????????????????????
???. ????????????? k1, k2 ?????, 0.35± 0.33 h−1, 2.00± 0.40 h−1
????. ??????, ν3 ?????????????? k1 = 0.48 h−1, k2 = 2.3 h−1
?????????????. ?????, ????????????????????
?????????????????????????????.
21 ?????????????????????, 7.7?????.
102 ? 7? ??
? 7.6: (a) ν2+ν4 ?????????? CH4 (? II ) ??????????. ????? 5.2 K, ?
??? 0.5 cm−1. (b) R(0) ??????????????. ???, IX(t) = I∞X + A1Xe−k1t +
A2Xe
−k2t ?????????????.
7.5 ??????????????????? 103
7.5 ???????????????????
7.5.1 ?? CH4
???,?? CH4 ??????????. Yamamoto?????????? R????
????????????? 7.7???. ?????????? J = 2??? J = 3??
???? O ???????????????????????? [4] (3.2 ??????
?). ? 7.7??????,????????????? a ∼ g ???????????.
? 7.7: ?? CH4 (? II )?????????? CH4 ?? (R?)?????????. ??????
????????, O ???????????,?????????? J = 2??? J = 3???
????????????????. ???????? O ???????, ??????????
(????????). ?????,?????????????????????????????
???? [36]. ????????? K(Kelvin).
3.4????????,????????? (???????????????????
???)???????????????. ???, ???????????????, ?
?????????????, ?????????? I ????????. ??????
??? 30.8 K? J = 2???????????? 2????????????, ???
?? I = 0? I = 1??????????. ????,??????????? 1???
??????, ????????? I = 0 ????????? I = 1 ????????
104 ? 7? ??
??????. ???????, ??????????????????.22 ??, 61.3 K
? J = 3 ???????????? 2 ????????????, ????? I = 1 ?
I = 2??????????. ??????? J = 1??????????, ∆1 ∼ 48.6 K
???, ? II?????? TD = 141 K [89] ???????, ??????????? 1
???????????????. 7 K?? exp(−∆1/T )???? 10−3 ???????
???, ??????? 1 ?????? I = 1 ?? I = 2 ?????????????
?????????????.
?????, ?? CH4 (? II ) ????????????????????????.
6.9–10.3 K???????,??????????????? I = 1? I = 2?????
????????. ??, 7.0 K????, 3??????????????????. ??
?????, 61.3 K ? J = 3 ???? I = 1 ? I = 2 ???? 30.8 K ? J = 2 ???
? I = 0? I = 1??? (? 7.7????????????)????????????
???. Nagamiya???????, O ??????? Td ??????????????
?? CH4 ??????????????, O ???????????????? J = 2
??????,????????????????????????? [90]. ???, R?
????????????? O ???????????,??????????????
?????. ????????????????, L????????????,????
R????????????????????, ??? 2????????. Nanba??
?????????, ? II?????????? EJK ??????????? R ???
????????????????, ??????, ? II? fcc ???????????
? [10]. ???????, EJK????? II????,????????????????
?????????????????????.
22 ?????????,????????????????????????????? [88].
7.5 ??????????????????? 105
7.5.2 Xe???????? CH4
??, Xe ???????? CH4 ??????????. Nishiyama ????????
?? Xe???????? CH4 ?????????????????? 7.8???. ??
CH4 (? II )????,?????????? J = 2??? J = 3?????? O ???
?????????????????????? [14] (3.3 ???????). ? 7.8 ??
????,????????????? a ∼ i???????????.
? 7.8: Xe???????? CH4 ???????????. ??????????????, O ?
??????????,?????????? J = 2??? J = 3??????????????
?????. ???????? O ???????,?????????? (????????). ??
???,????????????????????????????????? [36]. ?????
???? K(Kelvin).
?????????, ???????????? 33.5 K? J = 2?????????
??? 2 ????????????, ????? I = 0 ? I = 1 ??????????.
??, 65.9 K? J = 3??? 2????????????,????? I = 1? I = 2?
?????????. ??????????????????????, ???????
106 ? 7? ??
?????????????,?????????????.
?????, Xe???????? CH4 ?????????????????????
????. 5.1–11.5 K??????, ???????????????? I = 1? I = 2
?????????????. ?? CH4 (? II )???????, ?????, ?????
?????????? 65.9 K? J = 3???? I = 1? I = 2??? (? 7.8????
????????)?????????????. ??,??????????, 33.5 K?
J = 2???? I = 0? I = 1??? (? 7.8????????????)??????
???. ???, ? II???????, ???? Xe ???????? CH4 ??????
???????, 3????????????????????????????. ???
?, Xe????????? I = 0????????????????????. I = 0?
????????????????????, ??? 2 ????????. 1 ?????
???,?? Xe??? II????,?????????????????,??????
?????????????????????????. ???,???, I = 1? I = 2
?????????????????????????. ???, ??????????
???????????????. J = 1???? 65.9 K? J = 3?????????
???, ∆2 = 52.4 K???,?? Xe?????? TD = 64.0 K [87]??????. ??
????????????????????????? [91],????????????
??, J = 3??????????????????????????. 2??????,
64.2 K? J = 2?? (h??)??????. ?????????? h??? f ?? (?
??? h??? g ??)???????????????, 2????????????,
?? CH4 ??????????????????????????????.
7.6 ??????????????????? 107
7.6 ???????????????????
?????, Xe ???????? CH4 ??????????, ??????? J =
3 (I = 1, 2)????????????????????????,??????????
??????????????????????????. ?????????, Orbach
?????????????? J = 2?????????,?????????????
???. ???,????????????????,????????????????
????.
Miyamoto ?? 6.0 K ?????? H2 ???????? CH4 ??????????
????????, ? (7.2) ???????????????????????????
∆ ? 28 ± 8 K ?????????? [36]. ???? J = 1 ???? J = 2 ?????
????, 30 K, ???????????, J = 2 ?????? Orbach ???, ????
I = 1?? I = 2??????????????????????. ???,??? J = 3
???? I = 1? I = 2????????????, J = 3?????????????
????????????. Lekic?? Ar??? Kr???????? CH4 ?????
?????,????, T ≤ 10 K??? T ≤ 8 K??????????????????
?? [37]. ???,????????????????????????? (7.2)????,
??????????????????????????????????. ?????,
Orbach???????????????, Ar??? J = 3??, Kr??? J = 2???
???????.
Xe??????????????????????????????, Ar?????
?????????????, ?? H2 ??? Kr?????????????????.
???, ??????????????????, ???????? 8 K ???????
????. ?????, Orbach?????????????? 8.5 K?????????
?????????? (? 7.3??????). ????????, ??????????,
?????????????????????. ?????, ????????????
?????????,???????????????????????.
7.7 ????????????????
?????????????, ??????????????????????. ??
??????, O2 ???? H2 ??????????????????????,???
?????????????????? [30, 92–94]. ????,???? CH4 ?????
???????????????, CH4-O2 ?, CH4-Xe?, CH4-CH4 ?? 3?????
108 ? 7? ??
?????????.
???,?????????? O2 ?????????. O2 ???????? 2???
????????, ?????????????????. ?????????????
?????????????? 1000 ??????, ????????????????
?????????. ??????????????? O2 ???,?? CH4 ???,??
??? 0.5∼20 ppm?????,?? Xe???,??? 2 ppm????? (? 5.4???
???). ???, Xe????????? CH4 ??? 1/2000?????????,???
???? O2 ??? CH4 ?????????????. ????, ?? CH4 ?????
???. Van?????,?? CH4 (? II )???? O2 ???????????????
?? kO2 ?,??? O2 ??????????????????? [30]. ???,????
????? O2 ??? kO2 ?????????,????????? O2 ?? 20 ppm??
? kO2 ? 5.6× 10−3 h????????. ????,????????? II???? CH4
?????????? 2∼3??????. ?????,????? O2 ?????? CH4
??????????????????????.
??, Xe?????????????. Xe??????????,???? 1/2???
129Xe? 26.44%, ???? 3/2??? 131Xe? 21.18%??????.23 ???, Xe??
?????????, Xe?????????????????????????????
??????. ?????????????, ???????????????????
?. ?????????????????????????. ???, ? (7.2)??? A1,
A2 ??????????????, ????????, ??????????????.
???,??????????????????????????????,? (7.2)? δ
??? ∆??????????. ???,?????????????????????
????????????.
???, CH4 ??????????????????. CH4 ???????????
??? CH4 ???????????????????????? [37]. ???????
?, ????? CH4 ??????????????, CH4 ??? 0.1mol% ?????
????????. ??????? Ar, Kr, Xe ???????? CH4 ???????,
0.03mol%, 0.08mol%, 0.05mol% ???, ??? 0.1mol% ????. ????, ????
? CH4 ????????????????????????????????????
??.
23 Kr????????,???? 9/2??? 83Kr? 11.49 %???? [92]. ??, Ar????????,?
?????????????????.
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? 8?
??
?????,?? CH4 (? II)??????????????? CH4 ????????
?????????????.
? II??, ??? (ν3, ν4) ?????????????????????????, R
?????????? L??????????????.1 ?????????????,
???????????????????????. ??????, ?????????
????????????,????????????????????. ????,??
?????????????????????????. ??, ???????????
???,????????????????????????.
7 K???? II??, ν3 ??? ν4 ?????? P(1), R(0), R(1)??????????
?????. ?????????????????????????,????????.
?????????????????????????. ??????, R ??????
???????????? CH4 (I = 1)??? CH4 (I = 2)????????????
?????. ??, 7 K???? II??,????????????,??? Q(2)????
??????????????. ν3 ?????? Q(2), R(0), R(1)??????????
?????????????????. ???, 3??????????????????
2??????????????????????????, ????????????
????????????. ??, ????????, 2????? k1, k2 ?????. ?
??,????????????? 3???????????????????????
??. ???????,?? CH4 ???? CH4 (I = 0)???????????????
?????????????,???????????????????????.
Xe ????????, ν3 ??? ν4 ????????????????, ?????
??????????? CH4 ???????????????. P(1), Q(1), R(0), R(1)
1 R??? II???????????, L???????????.
110 ? 8? ??
??????????????????????????,????????. 7 K???
? II????,?????????????????? CH4 ??? CH4 ???????
??. 5.1–11.5 K ???????????, ????????????????????
???????????. ????????,?????? J = 3??????????
????????????????.
111
?? A
??
? A.1: UFC70-253??????.
112 ?? A ??
? A.2: ??????????.
113
? A.3: ??? 1.
114 ?? A ??
? A.4: ??? 2.
115
? A.5: ????????.
116 ?? A ??
? A.6: ?????????????????.
117
? A.7: ?????????.
118 ?? A ??
? A.8: ??? (??).
119
? A.9: ???????? (??).
120 ?? A ??
? A.10: ????????????????.
121
? A.11: ??????.
122
?? B
Ne???????? CH4
ν3 ????? ν4 ???????? Ne???????? CH4 ???????????
????,? B.1 (a)? (b)???. ??? CH4 ??? 0.10 mol%???,????? 5.4
K???. ?????????????, ν3 ?????? 3024.6 cm−1 ????????
???????, ν4 ?????? 1308.2 cm−1 ??????????????????
???. 10 K ? 20 ???????, ????????????, 3021.4 cm−1 ? 1307.5
cm−1 ?????. ???,?????????? Ne????????????????
???????,???????????????,?????, ν3, ν4 ????????
???????????. ???? Ne??? vdW??? 1.58 Å??? [95], CH4 ??
? vdW?? 2.08 Å??????????, CH4 ??????? Ne??????? fcc
????????????????????. ??????, CH4 ??????? Ne?
??????? 5???????????????????????? [17, 96].
? B.1: ???????? Ne???????? CH4 ??????????. ????? 5.4 K,?
??? 1.0 cm−1.
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?? C
Ar??? Kr???????? CH4
???????
ν3 ????? ν4 ???????? Ar???????? CH4 ??????? (???)
? 3600?? (???)???????????????? C.1 (a)? (b)???. ν3 ???
????, ????????, R(0) ??????????, Q(1) ???????????
????. P(1) ??????????????????????????. ??, ν4 ??
?????, R(0)??????????, P(1), Q(1), R(1)???????????.
? C.1: (a) ν3 ????, (b) ν4 ???????? Ar???????? CH4 ??????????
?????. ????? 7.1 K,???? 1.0 cm−1.
124 ?? C Ar??? Kr???????? CH4 ???????
ν3 ??? ν4 ?????? Kr???????? CH4 ??????? (???)? 3600
?? (???)???????????????? C.2 (a)? (b)???. ν3, ν4 ?????
??, R(0)??????????, P(1), Q(1), R(1)???????????.
? C.2: (a) ν3 ????, (b) ν4 ???????? Kr???????? CH4 ??????????
?????. ????? 7.0 K,???? 1.0 cm−1.
?????????????????????, ?????????. ν4 ?????
? Ar ??? Kr ???????? CH4 ? R(0), R(1) ???????????????
C.3 (a)? (b)???. ν3 ??????????????? ν4 ???????????,?
?????????????????, ??????? ν4 ???????. Xe ????
???? CH4 ????,? (6.5)?????????????????????????
?. ????????? C.1?????. Ar??? Kr???????? Q(1), R(0), R(1)
?????????????????,????????????. ?????,????
??????????? I = 1?? I = 2???????????? J = 1?? J = 0
??????????????????.
? C.1: Ar (7.0 K)??? Kr?????? (7.1 K)?? CH4 ??????.
Ar Kr
Assignment k (h−1) k (h−1)
Q(1) — 2.41±1.98
R(0) 2.82±0.44 2.83±0.70
R(1) 2.03±0.62 2.05±2.12
125
? C.3: ν4 ?????? (a) Ar???????, (b) Kr???????? CH4 ? R(0), R(1)???
??????????. ??? I(t) = I∞ + [I0 − I∞]e−kt ?????????????.
126
?? D
?? CH4???????????
?????
?? CH4 (? II ) ???????????????????????, ???????
???. ??,????? CH4 ?????? (1×10−4 Pa, 9??)??????????,
30 K????? CH4 ????????. ??,??? 38 K? 5?????????,?
? 25 K???,???, 5.2 K?????. ????? 5.2±0.05 K??????? 1.5?
?????????????? D.1 (a)???.1 5.4.3??????????, ?????
? 300 ML???. ?????? 1?????,???? 5???????. ???,??
????????? CH4 ????????, 600 ML, 900 ML, 1200 ML, 1500 ML???
???????,??????????????. ?????? II? ν3 ????????
??????????? D.1 (b), (c), (d), (e)???.
? D.1??,???????????, 3007 cm−1 ???? (L0 ? 0 ???)?????
????????????. ??, L?????, R????????? (P(1), Q(1), R(0),
R(1)???)?????????. ???, R ?? L????????????????
???????,?????,?????????????. 7.1????????,???
? [5, 76–78]??,???????????????????????????????
?,?????????,?????????????????????????????
??????.
1 1.5????,???????????????????????.
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? D.1: (a) 300 ML, (b) 600 ML, (c) 900 ML, (d) 1200 ML, (e) 1500 ML??? CH4 (? II )???
???????. ????? 5.2 K,???? 0.5 cm−1.
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?? E
LPLS????????????
?????, LPLS????????????????, LPLS???????????
???????,?? O2 ???????????.1
?? O2 ???????????????, 6.5 K???????????? O2 ???
??. ?? O2 ? 3 ????????????????, 0–23.9 K ?? α-O2, 23.9–43.6
K ?? β-O2, 43.6–54.4 K ?? γ-O2 ??????. ?????????? 6.5 K ???
??, α-O2 ????????????. ???,??????????? (VUV: Vaccum-
ultraviolet)?????, O2 ?????????. ?? O2 ? VUV??????????
??????????? E.1???. ? E.1?? VUV??????,?????????
??. ???????????, 1548.6 cm−1 ? O2 ?????????????????
????????. O2 ????????????????, ??, ??????????
???????,????????????????????????????????
? [97]. ?????,?????? CO2 (2342.1 cm−1)? H2O? (4155.4 cm−1)????
??????.
VUV????,?? O2 ??????????,??? 1035.1 cm−1 ? 2103.5 cm−1 ?
??????????. 242 nm?????????? O2 ??????????,???
????????? [98].
O2 + hν → O+O (E.1)
h ???????, ν ????????. ??, ?????????????? O ???
O2 ???????????, ????, O3 ????????. ??, ?????????
????,???? O3 ??? ν3 (1042 cm−1)? ν1+ν3 (2106 cm−1)?????????
???? [99]. ????????,?????, 4–108 nm???? VUV?????? O2
1 ?????????????,?????????????????????? CH3 ? CH5 ?????
?????????.
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???????, O3 ?????????????. ????, ????????? LPLS
????????????.
? E.1: ???? (VUV)????, 6?????, 60???????? O2 ??????????.
???,?????? VUV???????????????. ??????? O3 ??
? ν3 ???????????????????? E.2 (a)? (b)???.2 ??,? E.2 (b)
??,??????? O2 ?????????????????. ? E.2 (b)??????,
VUV?????????????, O3 ????????????????.3 ??, O2 ?
?????? VUV???????????????????. ???, O2 ??????
O3 ???????, O2 ?????????????????????????????
??????.4
2 ?????,???????????????????,????.
3 ν1+ ν3 ?????????,????????????.
4 O3 ???????????????, 0.49 Debye???????????? [100]. ??, O2 ?????
??????????????????????.
130 ?? E LPLS????????????
? E.2: (a) ν3 ???????? O3 ????????????? (VUV)???????. (b) O3 ?
?? O2 ?????????????? VUV????????.
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??
????, ???????????????????, ??????????????
??????????????????????????. ?????????????,
?????????. ??,??????????????????,?????????
??.
?????????????,???????????????,??????????
?????????. ???????,??????????.
??????
??????????????,?????????????,???????????
???????????. ?? 6??,???????????????,???????
????????????????????????. ???????????????
??, ??????????. ?????????, ???????????, ?????
??????????????. ?????????????, ???????????
?????????. ?????????,??????????????.
???????
?? 6??,????????????????,???????????????. ?
????????????,??????????????????????,?????
?????. ???????????????????, ??????????. ??, ?
??????????????????????????, ??????????. ??
???????????????. ???????????. ???????????.
132 ??
???????
???????????????. ??,?????????????,???????
????????????. ???????????.
?????
??????????????,???????????. ???????,?????
?????????????????????. ??????????, ???????
????,??????????????????. ???????????.
???????
????????????????? H2 ?? CH3F????????????,??
?????????. ??????????????????????,??,?????
????????????. ??????????. ???????????.
??????
???????????????????????,???????????. ??,?
????,???????????????????????????????????.
???????????.
???????
??????????????????????????,????????????
???. ???????????. ???????????.
??????
???????, ?????????????. ?????????????????
????????, ?????????????????????????????. ?
???????????, ??????????????????????. ?????
??????????,?????????????. ???????????.
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?????
????????????,???????????????????????. ??,
?????????????,??????????????????????????
?. ???????????.
?????
?????,?????????????????????????????,????
???????. ??,???????????????????????????. ??
?????????.
?????
????????????????????, ??????????????. ???
???????????????, ??????????????????. ?????
????????????????. ???????????.
?????
????????????????????,?????????,?????????
???. ????????????????????????, ???????????
????. ???????????.
????????
????,???,????,????,????,???,????,?????????,
???????????. ?????????????, ??????????????
????????. ???????????.
??, ?? 6 ???????????, ??????????????????????
?. ???,??????????????????????????????. ????
??,????????????????????????????????????.
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